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ABSTRACT 
 
Doping semiconductor nanocrystals, commonly known as quantum dots (QDs), 
has attracted significant attention from the scientific community due to the highly 
tunable nature of the physical properties, such as optical, electrical, opto-magnetic 
properties, with respect to both size and dopant type/concentration.  In this dissertation, 
Mn-doped CdS/ZnS (core/shell) QDs were used as a model system to study the 
characteristics of dopant luminescence coupled with plasmonic metal nanoparticles 
(MNPs) and its application as a nano-thermometer using temperature dependent Mn 
luminescence.  
 In the first part of this dissertation, plasmon-enhanced Mn luminescence from the 
Mn-doped CdS/ZnS QDs near plasmonic MNPs was studied. Rapid intraparticle energy 
transfer between exciton and Mn, occurring on a few picoseconds time scale, separates 
the absorber (exciton) from the emitter (Mn), whose emission is detuned far from the 
plasmonic absorption of the MNP. The rapid temporal separation of the absorber and 
emitter combined with the reduced spectral overlap between Mn and plasmonic MNP 
suppresses the quenching of the luminescence while taking advantage of the plasmon-
enhanced excitation. The plasmon enhancement of exciton and Mn luminescence 
intensities in undoped and doped QDs were simultaneously compared as a function of 
the distance between MNP and QD layers in a multilayer structure to examine the 
expected advantage of the reduced quenching in the sensitized luminescence. At the 
optimum MNP-QD layer distance, Mn luminescence exhibits stronger net enhancement 
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(ca. twice) than that of the exciton, which can be explained with a model incorporating 
fast sensitization along with reduced emitter-MNP spectral overlap. 
 In the second part, ratiometric thermometry on Mn luminescence spectrum was 
performed using Mn-doped CdS/ZnS core/shell QDs that have a large local lattice strain 
on Mn site, which results in the enhanced temperature dependence of the bandwidth and 
peak position. Mn luminescence spectral lineshape is highly robust with respect to the 
change in the polarity, phase and pH of the surrounding medium and aggregation of the 
QDs, showing great potential in temperature imaging under chemically heterogeneous 
environment. The temperature sensitivity (∆IR/IR = 0.5%/K at 293 K, IR = intensity ratio 
at two different wavelengths) is highly linear in a wide range of temperatures from 
cryogenic to above-ambient temperatures. Surface temperature imaging was 
demonstrated on a cryo-cooling device showing the temperature variation of ~200 K 
(77–260 K) by imaging the luminescence of the QD film formed by simple spin coating, 
taking advantage of the environment-insensitive luminescence. 
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NOMENCLATURE 
 
α Electronic polarizability 
Γ𝐸 Excitation rate  
Γ𝐸
′  Plasmon-modified excitation rate  
ΔOD Difference of optical density 
Ε
𝑎
(𝜆) Molar extinction spectrum of Ag nanoparticles 
𝜀𝑚 Dielectric constant of a surrounding medium 
𝜀𝑠 Complex dielectric constant of metal nanoparticle 
𝜌𝑒 Density of excited states of a luminophore  
𝜏𝑎𝑣𝑔 Average lifetimes 
Φ𝐶𝑜𝑙 Light collection efficiency of an optical measurement system 
Φ𝐼𝑛 Electric potential inside a metal nanoparticle 
Φ𝑂𝑢𝑡 Electric potential outside a metal nanoparticle 
Φ𝑃𝐿 Photoluminecence Quantum efficiency  
Φ𝑃𝐿
′  Plasmon-modified quantum efficiency in photoluminescence of  
 a luminophore 
ω  Frequency of vibrational mode coupled to the Mn2+  
 ligand-field transition 
AFM Atomic force microscope 
APTES (3-aminopropyl)triethoxysilane 
CCD Charge-coupled device 
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𝐸𝑀𝑎𝑥 Peak maximum of Mn luminescence lineshape in photon energy 
𝐄𝟎 Applied electric field of incident light 
𝐄𝐎𝐮𝐭 Electric field outside a metal nanoparticle 
EPR Electron paramagnetic resonance 
Fd() Normalized luminescence spectrum of donor 
FEM Finite element method 
FRET Förster resonance energy transfer 
𝐼 Photoluminescence intensity of a luminophore 
𝐼′ Plasmon-modified photoluminescence intensity of a luminophore 
𝐼𝑀𝑛 Mn photoluminescence intensity  
𝐼𝑀𝑛
′  Plasmon-modified Mn photoluminescence intensity 
ICP-MS Inductively coupled plasma mass spectrometry 
J Spectral overlap integral 
𝑘𝐸𝑇 Energy transfer rate from an exciton to Mn
2+ ions 
𝑘𝐸𝑇
′  Energy transfer rate from an excited luminophore to  
 an adjacent metal nanoparticle 
𝑘𝑛𝑟 Nonradiative rate constant 
𝑘𝑛𝑟,𝑒𝑥 Nonradiative rate constant for exciton luminescence 
𝑘𝑛𝑟,𝑀𝑛 Nonradiative rate constant for Mn luminescence 
𝑘𝑄,𝑒𝑥 Rate constant for exciton luminescence via exciton-metal  
 nanoparticle energy transfer 
𝑘𝑄,𝑀𝑛 Rate constant for Mn luminescence via Mn-metal  
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 nanoparticle energy transfer 
𝑘𝑟 Radiative rate constant 
𝑘𝑟,𝑒𝑥 Radiative rate constant for exciton luminescence 
𝑘𝑟,𝑀𝑛 Radiative rate constant for Mn luminescence 
LSP Localized surface plasmon 
MNP Metal nanoparticle 
MO Molecular orbital 
NCs Nanocrystals 
𝑛𝐸  Distance dependence power for plasmon-enhanced luminescence 
𝑛𝑄 Distance dependence power for plasmon-quenched luminescence 
ODE 1-Octadecene 
OAm Oleylamine 
OD Optical density 
𝑃𝐸 Excitation enhancement factor for a luminophore  
 induced by metal nanoparticles 
𝑃𝑄 Quenching factor for a luminophore induced  
 by metal nanoparticles 
𝐏𝑻 Transition dipole moment of an optical species 
PDMS Polydimethylsiloxane 
Pdots Polymer dots 
PL Photoluminescence 
QDs Quantum dots 
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𝑄𝑌𝐸𝑇 Quantum yield for exciton-Mn energy transfer  
𝑅𝑄 Length at which half the luminescence is quenched 
𝑅𝐸 Length at which the luminescence enhancement by a factor of two 
RhB Rhoamine B 
RT Room temperature 
SILAR Successive Ionic Layer Adsorption and Reaction 
TCSPC Time-correlated single photon counting 
TEM Transmission electron microscopy 
THF Tetrahydrofuran 
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CHAPTER I 
INTRODUCTION 
 
Since a synthetic route for colloidal semiconductor nanocrystals was reported by 
Louis E. Brus et al. in early 1980s, colloidal semiconductor nanocrystals, known as 
quantum dots (QDs), have attracted considerable attention due to their unique and highly 
tunable optical, electrical, and magnetic properties.1-5 Many of these intriguing 
properties are a result of the quantum confinement (or size) effect, which is attributed to 
the well-defined discrete energy levels in the nanocrystals, whose critical size is smaller 
than the exciton Bohr radius.6,7 As the size of the semiconductor nanocrystals scales 
within the critical size, the bandgap of the semiconductor nanocrystals is tunable in 
UV/visible and even NIR region governed by the quantum confinement effect, which is 
the most prominent feature of the QDs.7 The unprecedented size-tunable optical 
characteristic renders the semiconductor nanocrystals as one of the promising optical 
species in many applications such as light-emitting devices, biological imaging, solar 
cells, and nanothermometers.8-14 Recently, electronics equipped with QD display have 
emerged in the commercial market to compete with the OLED displays, providing one 
of the first marketable real-world application of QD technology.8 
As the optical, electrical, and magnetic properties of many semiconducting 
materials have been expanded with the addition of dopants, doped QDs have also 
attracted attention for introducing additional/supplementary optical, electrical, magneto-
optical properties.15-18 In order to meet those additional/supplementary properties, in the 
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past two decades many synthetic groups have made an effort to develop the various 
synthetic methods of the doped QDs.19-22 While significant headway has been made 
towards the synthesis of stable QD’s with controllable dopant density/location, there 
remains substantial challenges in these synthesis.16 Doping methods for transition metals 
such as Cu or Mn ion have been widely developed to meet the need for eco-friendly QDs 
which are heavy metal-free emitters.23,24 The representative doping methods can be 
categorized by synthetic approach such as 1) hot injection/cluster thermolysis, 2) 
nucleation-doping, and 3) layer-by-layer which are described in the Background section 
in detail.19-22  
While the synthesis of doped QDs is an ongoing problem, characterization of 
these materials has subsequently offered a variety of interesting and difficult challenges. 
Many research groups in a variety of fields including physics, chemistry, and 
engineering, have directed their effort towards understanding the optical, electrical, and 
opto-magnetic properties in the doped QDs.17,18,23,24 Understanding the optical properties 
of transition metal doped QDs and application for the dopant luminescence will be the 
main discussion in this dissertation. The unique optical properties of doped QDs are 
mainly attributed to the strong interaction (exchange coupling) between photo-generated 
excitons in the semiconductor matrix, and the transition metal dopant ions embedded in 
the matrix. Depending on the energetics of the exciton (donor) and dopant (acceptor) in 
the nanocrystals,  fast exciton-dopant energy transfer due to such strong exchange 
coupling results in highly efficient photoluminescence quantum yield, competing over 
charge carrier trapping and nonradiative relaxation of exciton.23,25 In this work, we 
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focused on Mn-doped CdS/ZnS core/shell  QDs, which show highly efficient Mn 
(dopant) luminescence via fast energy transfer (𝑘𝐸𝑇 < 1 − 3 × 10
11𝑠−1) from the 
exciton to Mn2+ ion, compared to the electron/hole trapping of exciton (𝑘𝑡𝑟 > 1 − 2 ×
1010𝑠−1) .23 Moreover, the Mn luminescence is highly photostable due to the localized 
nature of the dopant while the luminescence is not affected by variables in the 
surrounding environment. In addition, the development of the structural modification of 
the Mn-doped CdS/ZnS core/shell  QDs can also make it possible to be utilized in the 
application field such as thermal sensing due to their significant temperature-dependent 
dopant luminescence via the optical tuning.11,26 For these reasons, transition metal ion-
doped QDs are considered as an important class of luminescent new nanomaterials.24 
 Consequently to the synthesis of semiconductor nanocrystals, the fabrication of 
noble metal nanocrystals has also attracted significant attention for their distinct optical 
property known as localized surface plasmon (LSP). A plasmon is the collective 
oscillation of conduction electrons against nuclear framework. Especially when the 
plasmon is confined in a small nanostructure comparable to the wavelength of incident 
light, it is referred to as LSP.27,28 The plasmonic nanostructure can be used to manipulate 
the interaction between propagating far-field light and optical species at the nanometer 
scale, which gives rise to absorption or emission enhancement of the optical species.29 
Furthermore, control over the shape and size of the nanostructure can even manipulate 
direction and polarization of the light.30,31 The unique ability of plasmonic nanostructure 
to manipulate the properties of light have resulted in the rapid expansion of fundamental 
and technological research into plasmonic nanosturtures in the field of photonics, 
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chemical/biological sensing, surface-enhanced raman spectroscopy, energy harvesting, 
and medical application.32-35 
 The plasmonic enhancement of the luminophore luminescence for many 
application purposes has been the focus of most LSPR research because the 
luminescence enhancement can increase the detection limit of the chemical/biological 
sensing or make more efficient light-emitting sources.35,36 The luminescence 
enhancement is attributed to increase of excitation or emission rates by noble metal 
nanostructures in the vicinity of a luminophore, resulting from the enhanced local 
electric field by the LSP or the modification of the photonic mode adjacent to the 
plasmonic metal nanostructures.27,29,37 Augmentation of excitation rate has been 
intensively studied especially with colloidal metal nanoparticles (MNPs) that exhibit 
strong plasmon resonance in the UV-vis and even near IR spectral region, in which 
many applications such as biological sensing/imaging, energy harvesting, and lighting 
devices are executed.38-40 While the excitation rate of the luminophores can be 
augmented by the plasmon-enhanced local electric fields, at very short distances the 
luminescence can be quenched by the MNPs via luminophore-MNPs energy transfer 
which results from spectral overlap between luminophore’s emission and the plasmonic 
MNPs’ absorption.41-44 The concurrent augmentation of the two opposing processes, i.e., 
excitation enhancement and emission quenching, is inevitable in most instances because 
of the comparatively wide plasmon resonance spectrum of the MNPs compared to the 
luminescence Stokes-shift of typical luminophores.45 These two contradictory processes 
explain the strong dependence of the luminescence change on the MNP-luminophore 
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distance, which has been extensively studied to optimize the net plasmon-enhanced 
luminescence.44,46,47 
In the first part of this dissertation, plasmon-enhanced Mn (dopant) luminescence 
was studied in Mn-doped CdS/ZnS core/shell QDs, which showed stronger net plasmon 
enhancement of the Mn luminescence with suppression of MNP-induced Mn 
luminescence quenching.48 The net enhancement is attributed to the considerably large 
red-shifted dopant luminescence from both the exciton absorption and plasmon 
resonance spectrum of the MNPs. The remarkable red shift occurs because the Mn 
ligand-field transition energy (~2.10 eV) is much lower than the bandgap transition 
energy (~2.82 eV) of the exciton, which is the unique feature in the Mn-doped CdS/ZnS 
core/shell QDs.23 It is demonstrated in the Mn-doped CdS/ZnS QDs which show 
sensitized Mn luminescence through rapid exciton-Mn energy transfer taking place on a 
few picoseconds time scale.49,50 The rapid energy transfer from exciton to Mn2+ ions can 
separate the absorber (exciton) and emitter (Mn) and then decrease spectral overlap 
between the emitter and plasmon resonance (~3.1 eV) of the MNPs, resulting in the 
suppression of the quenching in the plasmon-enhanced luminescence.48 
In the second part of this dissertation, the ratiometric thermal imaging method 
using the Mn-doped CdS/ZnS QDs as a luminescence nanothermometer was studied. 
Recent progress in the luminescence nanothermometry using temperature-dependent 
photoluminescence of organic dyes and nanocrystalline optical species made the thermal 
imaging possible with high accuracy (<0.1 °C) and spatial resolution (<10 µm).11,51-62 
The temperature dependent luminescence intensity, spectral position, bandwidth, 
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polarization and lifetime are the most frequently utilized thermal imaging mechanisms in 
the luminescence nanothermometry.53-56 Even if the insensitivity of the temperature-
dependent luminescence to the other variables except for the temperature is very 
important factor for the accurate and reliable thermal imaging method, the luminescence 
of many optical species utilized for the thermal imaging is often not only dependent on 
the temperature, but also affected by other factors such as polarity, phase or pH of the 
surrounding medium. 52,63-65  Therefore, insensitivity of the luminescence to the 
environmental conditions is important for accurate temperature sensing. In addition, for 
the luminescence intensity-based thermometry, the luminescence intensity itself can vary 
depending on the luminophore concentration and collection efficiency of the detection 
system. Therefore, ratiometric measurement of the multiple emitters has become more 
common recently, where the temperature-dependent ratio of the two different 
luminescence intensities is measured instead of the absolute intensity. 57-61  
The ratiometric thermal imaging method using the Mn-doped CdS/ZnS QDs is 
introduced to exhibit strong temperature dependence of the spectral lineshape while 
being insensitive to the surrounding chemical environment such as the polarity, phase 
and pH of the surrounding medium.66 Control over Mn2+ ions doping location and 
concentration induces tunable local lattice strain at the dopant sites, which give rises to 
the enhanced temperature dependence on the bandwidth and peak position of the Mn 
luminescence. The surface temperature imaging was demonstrated on a cryo-cooling 
device, where the temperature sensitivity (∆IR/IR = 0.5%/K at 293 K, IR = intensity ratio 
at two different wavelengths) is highly linear in a wide range of temperatures (>200 K). 
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CHAPTER II 
BACKGROUND AND LITERATURE OVERVIEW 
 
2. 1 Mn-Doped II-VI Semiconductor Nanocrystals 
2.1.1 Synthesis of Mn-Doped II-VI Semiconductor Nanocrystals 
As the optical, electrical, and magnetic properties of many semiconducting 
materials have been expanded with the addition of dopants, doped semiconductor 
nanocrystlas, which is referred to as doped quantum dots (QDs), have also attracted 
attention for introducing additional optical, electrical, magneto-optical properties.15-18 In 
order to meet those additional/supplementary properties, many synthetic groups have 
made an effort to develop the various synthetic methods of the doped QDs. 19-22  In 1994, 
Bhargava et al. reported the first colloidal doped QDs (Mn-doped ZnS).67 The ZnS 
nanocrystals were synthesized by reacting diethylzinc and hydrogen sulfide gas in 
toluene, followed by addition of  Mn precursor (diethyl-manganese) to the host 
nanocrystal solution at room temperature. Finally, the Mn-doped ZnS nanocrystals were 
coated with methacrylic acid to maintain the separation of the colloidal nanocrystals and 
increase the luminescence quantum yield. However, the synthesis method results in 
relatively low quality doped nanocrystals due to formation of defect sites in the host 
nanocrystals during the reaction at room temperature. 
  The next breakthrough in colloidal Mn-doped QDs was the synthesis of Mn-
doped ZnSe introduced by Norris et al., reporting the high-quality Mn-doped ZnSe QDs 
showing 22% quantum yield using the thermolysis of organometallic precursors in a 
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coordinating solvent.19 Precursors of Mn and other host elements were injected into the 
pre-heated coordinating solvent  in the elevated temperature (>300 °C) to give rise to the 
Mn-doped ZnSe QDs. The high temperature provides thermal energy to anneal defects 
out of the nanocrystals.68 However, the method still suffers from low doping yield and 
self-purification, which ejects the dopant ions onto the surface of host nanocrystals.15,69 
 To overcome low doping concentration and relatively low quantum yield of 
dopant luminescence, Peng et al. reported a new synthetic route named “Nucleation 
doping”, in which MnSe clusters were nucleated and the host semiconductor was grown 
around the cluster at elevated temperatures, resulting in Mn-doped ZnSe QDs with about 
50% luminescence quantum yield.20  Since the host semiconductors were grown on the 
dopant clusters, the host nanocrystals were heavily doped. Furthermore, high 
concentration of the dopant (Mn2+) ion in the host nanocrystals can be achieved since the 
initial Mn2+ concentration is relatively high in the MnSe clusters. 
 Another remarkable doping method using Successive ionic layer adsorption and 
reaction (SILAR) was reported by Cao et al. to introduce Mn ions into the CdS/ZnS 
(core/shell) nanocrystals with fairly high luminescence quantum yield (>50%).21 In this 
layer-by-layer synthesis, the host nanocrystals were synthesized at high temperature 
(250°C), followed by a couple of shell coating (ZnS) in the elevated temperature 
(280°C). Mn ions were doped in the shell layers in the CdS/ZnS core/shell nanocrystals. 
This synthetic route, which separates the nucleation of the host nanocrystals from the 
doping, suppresses the nucleation of additional host nanocrystals during the doping 
process. Moreover, controlling the dopant location in the shell enhance the embedment 
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of the dopant ions in the host nanocrystals preventing expulsion of the dopant ions out of 
the host nanocrystals. 
 
2.1.2 Electronic Structure of Mn-Doped II-VI Semiconductor Nanocrystals 
Quantum dots (QDs) are referred to as semiconductor nanocrystals whose size is 
small enough to show quantum mechanical properties. For the semiconductor 
nanocrystals whose diameter is less than exciton Bohr radius (𝑎𝐵
∗ ), electronic structure 
can be described by a particle in a box model in which the energy levels are determined 
by its physical size. 𝑎𝐵
∗  is defined as 
                                                                   𝑎𝐵
∗ =
𝜀𝑟𝑚0
𝜇
𝑎𝐵                                                     (1) 
where 𝑎𝐵(=0.053 nm) is the Bohr radius, 𝜀𝑟 is the relative dielectric constant, 𝑚0 is the 
free electron mass, and µ is the reduced mass. Once excitons are confined in the small 
nanocrystals, energy levels are quantized and dependent on size of the nanocrystals (so-
called quantum confinement/size effect). The most significant feature of the QDs is that 
the electronic structure of the nanocrystals can be tuned depending on the size, shape, 
and composition of the QDs.  For the II-VI QDs such as CdS, CdSe, ZnS , and ZnSe, 
borrowing the ideas from molecular orbital (MO) theory, occupied MOs arise from a 
linear combination of atomic orbitals of chalcogen anions while unoccupied MOs from 
metallic cations. In order to avoid confusion on the terms of the energy levels, the 
occupied MOs and unoccupied MOs in the QDs will be termed valence band and 
conduction band respectively in this dissertation, borrowing the language of the solid 
state physics. Energy difference between bottom edge of the conduction band and top  
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Figure II-1. (a) Zinc blende crystal structure of Mn-doped II-VI nanocrystals. (b) 
Electronic configuration of the lowest excited state (4T1) and ground state (
6A1) of Mn2+ 
ions in tetrahedral sites. (c) Comparison between the lowest excited energy state of Mn2+ 
ions in the ligand field and bulk band gaps of typical II-VI semiconductor nanocrystals. 
edge of the valence band is referred to as bandgap. Once the QDs are optically excited 
with sufficiently high photon energy, electron is excited from the valence band to the 
conduction band, generating electron-hole pair known as exciton.  Afterwards, the 
electron and hole in the excited state rapidly relax to its bottom and top of the 
conduction and valence band respectively followed by excitonic interband transition, 
giving rise to excitonic luminescence (so-called band-gap emission).7  
In Mn-doped II-VI QDs, the most common crystal structure is zinc blende in 
which cations at tetrahedral sites are substituted by Mn2+ ions, which are affected by the 
tetrahedral ligand field as shown in Figure II-1(a). Figure II-1(b) exhibits the ground 
state of Mn2+ ions (five 3d electrons) is symmetric (6A1) in the typical weak ligand field, 
and 5-fold degenerate 3d orbitals split into t2 and e sets (Δt). In this ligand field, the 
lowest excited state is 4T1 state. The offset of the host nanocrystals conduction band 
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relative to the lowest excited energy level of Mn2+ ions dictates many of the system’s 
optical properties as shown in Figure II-1(c). The two most common cases are; 1) the 
bottom of the conduction band in the nanocrystals is higher than the energy level of the 
Mn2+ excited state, and 2) the bottom of the conduction band is lower than the Mn2+ 
excited state.  The first case is commonly found when Mn2+ ions are doped into ZnS, 
ZnSe, or CdS.  The excited states of the Mn2+ ions are isolated from the excitonic state. 
The Mn luminenescence in this case is originated from the ligand field d-d transition 
(4T1 
6A1) of the Mn
2+ ions, in which 6A1 is ground state and 
4T1 the first excited state. 
The ligand-field transition is spin-forbidden to give rise to extremely small value of 
molar extinction coefficient (100  ̶  101 M-1cm-1 at its maximum) compared to the 
excitonic molar extinction coefficient (105  ̶  106 M-1cm-1 at its first excitonic absorption 
peak). The lifetime of the Mn luminescence is in the range of hundreds of microseconds 
up to a few milliseconds due to the nature of the spin forbidden ligand-field transition. 
The second case is commonly found when Mn2+ ions are doped into CdSe, the excited 
states of the Mn2+ ions are buried in the conduction band of the host nanocrystals. 
Although the luminescence from the Mn-doped CdSe QDs is the excitonic emission, the 
characteristics of the luminescence are strongly affected by the Mn ions via sp-d 
exchange coupling, which will not be discussed in detail in this dissertation.23,70 
 
2.1.3 Dynamic Processes in Phtoexcited Mn-Doped II-VI Semiconductor Nanocrystals 
 Characterization of the dynamic processes can be accomplished by transient 
absorption measurement, which uses a pump pulse (generating excitons in the host 
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nanocrystals) and a probe pulse (measuring the population of the excited state exciton at 
different pump-probe delay time). Difference of optical density at specific wavelength is 
measured as a function of time with and without the pump excitation. Information about 
the dynamics of electro/hole can be obtained by selecting appropriate pump or probe 
wavelengths, which are described in detail in the recent studies by Chen et al..25,49  
For photoexcited undoped QDs , the exciton relaxes via radiative and 
nonradiative electron/hole recombination. The radiative recombination process gives rise 
to exciton luminescence, and nonradiative recombination usually result in trapped charge 
carriers. The quantum efficiency of the exciton luminescence is dictated by relative 
efficiency of both the radiative and nonradiative pathways. Radiative relaxation of the 
exciton (several tens of nanoseconds) typically occurs slower than nonradiative 
recombination (sub-nanosecond), resulting in relatively low luminescence quantum yield. 
Moreover, delocalization of the exciton in the nanocrytals results in facile trapping of the 
exciton in defect sites.71 
In photoexcited Mn-doped QDs, in which the excited state Mn2+ energy level lies 
within the bandgap, the exciton can transfer its energy to Mn2+ ions. The exciton to Mn2+ 
energy transfer occurs faster (within a few picoseconds)  than either radiative and 
nonradiative relaxations (typically several tens of nanoseconds and sub-nanosecond 
respectively).25  It means that the exciton-Mn energy transfer avoids the nonradiative 
relaxation pathways, resulting in increase of luminescence quantum efficiency. Once the 
ligand-field states of the Mn2+ ion are excited by the energy transfer, the Mn-doped QDs 
emit the sensitized Mn luminescence, which is highly efficient because the localized 
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energy states of Mn2+ ions are barely affected by nonradiative relaxation. Compared to 
the rate of the dynamic processes of the exciton, the lifetime of the sensitized Mn 
luminescence is extremely slow due to the nature of the spin-forbidden transition 
(several hundreds of microseconds to a few milliseconds). The long-lived excited states 
of the Mn ions can function as energy reservoir which can be utilized for light harvesting 
even though it is not beneficial for light-emitting application purposes. 
 
2.1.4 Optical Properties in Mn-Doped II-VI Semiconductor Nanocrystals 
Optical properties of the Mn luminescence in the Mn-doped QDs can be 
characterized as extinction coefficient, spectrum, luminescence lifetime, and 
luminescence quantum efficiency. Since the molar extinction coefficient of Mn2+ ion 
(100  ̶  101 M-1cm-1 at its maximum) is significantly smaller than the typical 
semiconductor nanocrystals (105  ̶  106 M-1cm-1 at its first excitonic absorption peak),  it 
is extremely difficult to excite the ground state Mn2+ ion directly. However, the 
excitation of Mn2+ ion can be accomplished with significantly high efficiency of the 
energy transfer from the exciton (nearly 90% in the most efficient system). The rapid 
energy transfer helps to suppress electron and hole trapping of the exciton, which is the 
most common cause of luminescence quenching. Therefore, the excitonic energy 
efficiently transferred to the Mn2+ ion is emitted as a photon through the ligand-field 
transition with high quantum efficiency due to the localized nature of the ligand-field 
transition. For example, the quantum yield of Mn luminescence in Mn-doped CdS/ZnS 
core/shell QDs is nearly 80% ,which is larger than the exciton luminescence quantum 
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yield from undoped CdS/ZnS QDs (~35%). This disparity in the quantum yield is 
explain by the dopant mediated suppression of the nonradiative relaxation.50 
Furthermore, the quantum yield of the Mn luminescence can be enhanced by surface 
modification such as addition of thiols on the surface of nanocrystals, recovering 
trapped-excitons to dopant via ligand-assisted energy transfer .72  
The transition energy of the Mn luminescence depends on both the pairing 
energy and ligand-field splitting.73,74 In this study, the typical peak wavelength and 
bandwidth of the ligand-field Mn luminescence at room temperature are ~610 nm and 
~70 nm respectively, which is largely red-shifted and broadened from the band-edge 
excitonic emission (~440 nm and ~25 nm). The peak wavelength of the Mn 
luminescence is strongly affected by doping concentration and chalcogenide ligand at a 
given temperature. The Mn luminescence can be tuned by local lattice strain on the Mn2+ 
ions. This can be accomplished via manipulation of core sizes, shell thicknesses, and the 
composition of the core/shell nanocrystals.75,76 Larger local lattice strain on the dopant 
sites increases the ligand field splitting, which results in decrease of the transition energy 
and red-shift of the Mn luminescence. Furthermore, the local lattice strain on the dopant 
sites can manipulate the frequency of local vibrational modes and the local thermal 
expansion property of the dopant sites, which is temperature dependent. For example, as 
local lattice strain loaded on the dopant sites increases, the vibrational frequency coupled 
to Mn luminescence decreases, exhibiting more significant broadening in the 
luminescence bandwidth with temperature increase. In addition, increase of the local 
lattice strain at the dopant sites gives rise to the enhanced local thermal expansion at the 
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dopant sites, which results in more dramatic shift of the peak wavelength within given 
temperature changes.  
 
2. 2 Plasmon-Controlled Luminescence 
2.2.1 Optical Properties of the Plasmonic Metal Nanoparticles  
A plasmon is known as a collective oscillation of conduction electrons in a noble 
metal or a heavily doped semiconductor. 27 When the plasmon is confined in the small 
nanoparticles relative to the wavelength of the incident light, it is called a localized 
surface plasmon (LSP). A large optical extinction coefficient (~106  ̶  109 M-1cm-1 at its 
maximum of plasmon resonance wavelength) and enhanced electric field near the 
particle’s surface are essential features of the plasmonic metal nanoparticles (MNPs) due 
to the LSP. The extinction cross section of an optical species determines probability of 
interaction between the incident light and the optical species, e.g. scattering and 
absorption of light depend on the extinction cross section of the MNP, and 
increase/decrease with the magnitude of the cross section. Compared with other optical 
species such as organic molecules and semiconductor nanoparticles, the extinction cross 
section of the plasmonic MNPs is significantly larger, even after accounting for the 
physical sizes of the optical species, Figure II-2(a). If the ratio between the extinction 
cross section and physical cross section is considered as a comparison of the photon and 
optical species interaction strength, the plasmonic MNPs show the strongest interaction, 
where this ratio is larger than unity only in the plasmonic MNPs, Figure II-2(b). 
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Figure II-2. (a) Extinction and physical cross sections of different kinds of optical 
species. (b) Ratio between the extinction and physical cross sections versus physical 
sizes of the optical species. Figure adapted from Ming’s work.29 
The electric field (E) near a spherical MNP can be determined by solving 
LaPlace’s equation (∇2Φ), where the nanoparticle of radius R and complex dielectric 
constant (𝜀𝑠), is assumed to exist in isotropic, non-absorbing, medium with dielectric 
constant (𝜀𝑚). If a uniform electric field is applied to the system, the field in the particle 
is found by solving ( 𝚬 = −∇Φ), the solution to the Laplace’s equation in spherical 
coordinates is of interest  
1
𝑟2𝑠𝑖𝑛𝜃
[𝑠𝑖𝑛𝜃
𝜕
𝜕𝑟
(𝑟2
𝜕
𝜕𝑟
) +
𝜕
𝜕𝜃
(𝑠𝑖𝑛𝜃
𝜕
𝜕𝜃
) +
1
𝑠𝑖𝑛𝜃
𝜕2
𝜕𝜙2
] Φ(𝑟, 𝜃, 𝜙) = 0         (2) 
The solution to the LaPlace’s equation is a combination of angular solutions (in 
the form of spherical harmonics) and radial solutions (in the form of 𝑟𝑙 𝑎𝑛𝑑 𝑟−(𝑙+1) 
where l is the angular momentum number of atomic orbitals). A general solution to the 
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equation has the form below due to the azimuthal symmetry, independent of 𝜙, where 
Φ𝐼𝑛(𝑟, 𝜃) and Φ𝑂𝑢𝑡(𝑟, 𝜃) are the electric potential inside and outside the spherical MNP 
respectively. 
                                        Φ𝐼𝑛(𝑟, 𝜃) = ∑ 𝐴𝑙𝑟
𝑙𝑃𝑙(𝑐𝑜𝑠𝜃)
∞
𝑙=0
                                       (3) 
                         
                                     Φ𝑂𝑢𝑡(𝑟, 𝜃) = ∑(𝐵𝑙𝑟
𝑙+𝐶𝑙𝑟
−𝑙−1)𝑃𝑙(𝑐𝑜𝑠𝜃)
∞
𝑙=0
                    (4) 
     
where two boundary conditions for the equation should be met; 1) the electric potential 
and 2) displacement field (𝐃 = 𝜀𝐄) is continuous at the surface of the spherical MNP.  
Once the two boundary conditions are applied to the equations, the solutions for 
the equation (l=1) are evaluated as below 
                                     Φ𝐼𝑛(𝑟, 𝜃) = −
3𝜖𝑚
𝜖𝑠 + 2𝜖𝑚
𝐄𝟎𝑟𝑐𝑜𝑠𝜃                                     (5) 
                           Φ𝑂𝑢𝑡(𝑟, 𝜃) = −𝐄𝟎𝑟𝑐𝑜𝑠𝜃 +
𝜖𝑠 − 𝜖𝑚
𝜖𝑠 + 2𝜖𝑚
𝐄𝟎
𝑅3
𝑟2
𝑐𝑜𝑠𝜃                             (6) 
Here the electric field outside the nanoparticle (𝐄𝐎𝐮𝐭) is of interest, which can be 
expressed as 
                                         𝐄𝐎𝐮𝐭 = 𝐄𝟎 +
1
4𝜋𝜖0𝜖𝑚
3𝐧(𝐧 ∙ 𝐩) − 𝐩
𝑟3
                                      (7) 
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where the first term represents the applied field (𝐄𝟎) of the incident light and the second 
the induced dipole field. Here 𝐧 = 𝐫/𝑟 is the unit vector along the direction of the 
incident light (external field), and p is the induced dipole moment of the plasmonic MNP 
by the external field.  
                                𝐩 = 4𝜋𝜖0𝜖𝑚𝑎
3
𝜖𝑠 − 𝜖𝑚
𝜖𝑠 + 2𝜖𝑚
𝐄𝟎 =  4𝜋𝜖0𝜖𝑚𝛼𝐄𝟎                                 (8) 
with the polarizability (α) defined as 
                                                     𝛼 = 𝑅3
𝜖𝑠 − 𝜖𝑚
𝜖𝑠 + 2𝜖𝑚
                                                             (9) 
Therefore, the electric field near the spherical MNP is affected by a combination of 
MNP size, dielectric constants of the MNP/medium, and the external field. 
 
2.2.2 Plasmon-Modified Luminescence of Typical Luminophores 
Photoluminescence (PL) intensity (I, photon counts collected at emission 
wavelength per unit time) of a luminophore can be described by 
                                                      𝐼 =  Γ𝐸 × Φ𝑃𝐿 × Φ𝐶𝑜𝑙                                                  (10) 
where Γ𝐸 is the excitation rate (absorbed photon counts to excite the luminophore at 
excitation wavelength per unit time), Φ𝑃𝐿 is quantum efficiency of the PL, and Φ𝐶𝑜𝑙 is 
the light collection efficiency which is dependent on the optical measurement system. 
The excitation rate can be described by Fermi’s golden rule below 
                                                 Γ𝐸 =  
4𝜋2
ℎ
〈𝑓|𝐄 ∙ 𝐏𝑻|𝑖〉
2𝜌𝑒                                                 (11)  
where h is Planck’s constant, i and f are wave function of the initial and the final state, 
and 𝜌𝑒is the density of the excited state. The perturbation operator consists of a local 
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electric field (E) and a transition dipole moment (𝐏𝑻) of the luminophore. The PL 
quantum efficiency of a typical luminophore is determined by the ratio of the rate 
constant for radiative pathway and the sum of all the decay pathways in the luminophore 
as  
                                           Φ𝑃𝐿 =  
𝑘𝑟
(𝑘𝑟 + 𝑘𝑛𝑟)
                                                                  (12) 
In the vicinity of a plasmonic MNP, the local electric field near the luminophore 
can be enhanced by the induced dipole field of the plasmon resonance. This occurs 
because of the large local electric field enhancement in near the surface of the metal due 
to the plasmon interaction with light. Therefore, the plasmon enhanced luminescence 
intensity of a luminophore can be expressed as 
                                           𝐼′ =  Γ𝐸
′  × Φ𝑃𝐿
′ × Φ𝐶𝑜𝑙                                                           (13) 
where Γ𝐸
′  and Φ𝑃𝐿
′  are the plasmon-modified excitation rate and PL quantum efficiency 
respectively, where the luminophore is in vicinity of the plasmonic MNP. 
Here the modified quantum efficiency of the luminescence can be described with 
an extra relaxation channel of the energy transfer from the excited luminophore to the 
plasmonic MNP. 
                                      Φ𝑃𝐿
′ =  
𝑘𝑟
(𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇
′ )
                                                           (14) 
where 𝑘𝐸𝑇
′  is a rate constant of energy transfer from the excited luminophore to the 
adjacent MNP while assuming the plasmonic MNP does not affect other rate constants  
of the relaxation pathways. 
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The ratio between those two luminescence intensities can be written  
                                    
𝐼′
𝐼
=
Γ𝐸
′  × Φ𝑃𝐿
′ × Φ𝐶𝑜𝑙
Γ𝐸 × Φ𝑃𝐿 × Φ𝐶𝑜𝑙
 
=
Γ𝐸
′
Γ𝐸
× (
𝑘𝑟
(𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇
′ )
) (
𝑘𝑟
(𝑘𝑟 + 𝑘𝑛𝑟)
)⁄  
                                        =
Γ𝐸
′
Γ𝐸
×
𝑘𝑟 + 𝑘𝑛𝑟
𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇
′ =  𝑃𝐸 × 𝑃𝑄                                         (15) 
where 𝑃𝐸 and 𝑃𝑄 are the excitation enhancement factor and quenching factor for the 
luminescence respectively. Those two factors show distance (d) dependence between the 
centers of the luminophore and MNP as below 
                                                  𝑃𝐸(𝑑) = (
𝑅𝐸
𝑑
)
𝑛𝐸
+ 1                                                        (16) 
where 𝑅𝐸 is the constant for the distance at which twice the luminescence enhancement 
is observed, and 𝑛𝐸  is the constant depending on the distance and orientation of the 
interacting dipoles .77  
                                                   𝑃𝑄(𝑑) =
1
(1 + (𝑅𝑄 𝑑⁄ )
𝑛𝑄
)
                                             (17) 
where 𝑅𝑄 is the constant for the distance at which 𝑘𝐸𝑇
′ = 𝑘𝑟+𝑘𝑛𝑟, and 𝑛𝑄 is the constant 
varying between 3 and 6 depending on the geometric arrangement of the interacting 
dioples.78-80  
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2.2.3 Plasmon-Modified Luminescence of Mn-Doped Semiconductor Nanocrystals 
In Mn-doped QDs, 𝐼𝑀𝑛
′ /𝐼𝑀𝑛 is determined by adjusting the exciton ̶ Mn energy 
transfer quantum yield (𝑄𝑌𝐸𝑇 = 𝑘𝐸𝑇 (𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥 + 𝑘𝑄,𝑒𝑥(𝑑) + 𝑘𝐸𝑇)⁄ ) for the 
presence of the plasmonic MNP 
   
𝐼𝑀𝑛
′
𝐼𝑀𝑛
= 𝑃𝐸(𝑑) ×
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛 + 𝑘𝑄,𝑀𝑛(𝑑)
×
𝑘𝐸𝑇
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥 + 𝑘𝑄,𝑒𝑥(𝑑) + 𝑘𝐸𝑇
  (18) 
where the rate constants are described as below 
𝑘𝑟,𝑒𝑥 , 𝑘𝑟,𝑀𝑛 : radiative rate constants for exciton and Mn luminescence 
𝑘𝑛𝑟,𝑒𝑥 , 𝑘𝑛𝑟,𝑀𝑛 : nonradiative rate constants for exciton and Mn luminescence 
𝑘𝐸𝑇 : energy transfer rate between exciton and Mn  
𝑘𝑄,𝑒𝑥 , 𝑘𝑄,𝑀𝑛 : quenching rate constant for exciton and Mn luminescence by the MNP 
Based on the typical reported values,49,50 for Mn-doped QDs 𝑘𝐸𝑇 ≫ 𝑘𝑟,𝑒𝑥 +
𝑘𝑛𝑟,𝑒𝑥, and the 𝑄𝑌𝐸𝑇  can be approximated as 𝑘𝐸𝑇 (𝑘𝑄,𝑒𝑥(𝑑) + 𝑘𝐸𝑇)⁄ = 
 1 (1 + (𝑅𝐸𝑇/𝑑)
𝑛)⁄  in which 𝑅𝐸𝑇 is the distance constant at which 𝑘𝑄,𝑒𝑥(𝑑) = 𝑘𝐸𝑇. 
Therefore, 𝐼𝑀𝑛
′ 𝐼𝑀𝑛⁄  can be expressed as 
                       
𝐼𝑀𝑛
′
𝐼𝑀𝑛
≈ 𝑃𝐸(𝑑) × (
1
1 + (
𝑅𝑄,𝑀𝑛
𝑑 )
𝑛𝑄,𝑀𝑛
) × (
1
1 + (𝑅𝐸𝑇 𝑑⁄ )𝑛
)                (19) 
According to the equation above, for Mn-doped QDs adjacent to the plasmonic 
MNP, the plasmon-induced change of Mn luminescence intensity scales as a function of 
distance between the Mn-doped QDs and plasmonic MNP, being affected by two factors; 
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1) interaction strength between interacting dipoles of Mn luminescence and LSP, and 2) 
exciton-Mn energy transfer rate. 
 
2.3 Luminescence Nanothermometry  
2.3.1 Ratiometric Luminescence Nanothermometry 
 Recent progress in luminescence nanothermometry using temperature-dependent 
luminescence of various molecular and nanocrystalline materials has been accomplished 
due to the ability to optically measure the temperature with high accuracy (<0.1 ºC) and 
spatial resolution (<10 µm).51-62  Luminescence nanothermometry has been applied to 
the temperature sensing of various platforms such as micro/nanofluidics, integrated 
devices and intracellular environment measurements.81-86 The temperature dependence 
of various optical properties such as: intensity, spectral position, bandwidth, polarization 
and lifetime are among the frequently utilized temperature sensing mechanisms in 
luminescence thermometry.53-56  
 Among those luminescence nanothermometry methods, ratiometric measurement 
of multiple emitters has become more common recently, where the temperature-
dependent ratio of the luminescence intensities from the two emitters is measured 
instead of the absolute intensity. For this type of measurement to be made, dual emitting 
materials must be used such as 1) rare earth ion-doped nanoparticles or metal-organic 
framework (two dopant emissions), 2) Mn-doped quantum dot (exciton and dopant 
emissions), and 3) organic dye-doped semiconducting polymer dots.57-62 Since the 
intensity ratio fluctuates much less than the absolute intensity, which varies depending 
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on emitters’ concentration, excitation intensity variation, and different emission 
collection efficiency between different measurement systems, the ratiometric 
thermometry is generally more accurate than non-ratiometric methods for the optical 
temperature imaging.   
 For the rare earth ion-doped nanoparticles, Brites et al. introduced synthesis of 
Eu3+, Tb3+ co-doped γ-Fe2O3 nanoparticles as a dual emitter for luminescent 
nanothermometer. In this system, the temperature dependent luminescence originates 
from the 5D4 (Tb
3+) emission line, while emission from the 5D0 excited state of the Eu
3+ 
remains nearly temperature independent, functioning as an internal reference. The 
excited energy state of the host, which is slightly above the 5D4 in Tb
3+ energy level, 
gives rise to energy transfer between the dopant and host states. This energy transfer 
shows strong temperature dependence as it is a phonon-assisted process.58  
 Consequently, Vlaskin et al. reported the tunable dual emission from Mn-doped 
quantum dot which shows strong temperature dependent luminescence originating from 
two emissive excited states from the exciton and dopant. PL from the Zn1-
xMnxSe/ZnCdSe core/shell nanocrystals show the characteristic Mn
2+ ligand-field 
transition (4T1  
6A1 ) around 600 nm, and the excitonic PL around 440 nm. The ratio 
between the dopant and excitonic PL intensities varies as a function of temperature. As 
temperature increases, the population of the Mn2+ excited state decreases due to thermal 
de-trapping back to the excitonic state. Therefore, the PL spectrum is dominated by the 
dopant luminescence at low measurement temperature (223K) and the excitonic 
luminescence at high temperature (403K).  Furthermore, the active temperature window 
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of the measurement can be scaled adjusting the size of core diameter.60 
 Recently, the synthesis of Rhodamine B (RhB)-doped semiconducting polymer 
dots (Pdots) was reported by Ye et al. for the ratiometric temperature sensing. The 
temperature sensitive luminescence from the RhB was measured, and the nearly constant 
luminescence from the Pdots was used as an internal reference. As observed in other 
ratiometric nanothermometry, the ratio between the two luminescence intensities was 
used as indicator of the temperature variation. Even though the RhB-doped Pdots 
showed a narrow temperature window, they exhibited several intriguing features such as 
fairly large luminescence quantum efficiency (30%), non-toxic organic based 
compositions, and the temperature range of the measurement was (10 ̶ 70 ºC) which is 
good enough for use in physiological system.62  
  While those ratiometric nanothermometry methods allowed for more robust 
intensity-based luminescence nanothermometry, minimizing the impact from other 
environmental conditions remains a challenge.  For instance, luminescence intensity and 
peak position of many thermo-sensitive dye molecules vary significantly as the polarity 
or pH of the surrounding medium changes.63,64 In the case of quantum dots, the variation 
of the surface functionalization and interparticle distance can change the exciton 
luminescence intensity and spectrum.87-89 For instance, the luminescence intensities of 
the exciton and dopant emission in nanocrystals are affected differently when charge 
carrier-accepting molecules (e.g., thiols) are attached to the surface, or if dissolved 
oxygen is present in the surrounding medium.90,91 Therefore, an optical species, which 
emits chemically insensitive and strongly temperature-dependent luminescence is ideal 
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for ratiometric luminescence nanothermometry.  
 
2.3.2 Tuning Temperature-Dependent Mn Luminescence 
 One strategy which has been effective in reducing the environmental sensitivity 
of quantum dot luminescence has been to coat the emitting quantum dot with a ‘shell’ 
material, forming a barrier between the emittor and the surrounding medium. For 
example, CdS quantum dots are commonly coated with an intert ZnS shell, effectivly 
isolating them from the surrounding medium. For Mn-doped CdS/ZnS core/shell QDs, in 
which the Mn is doped in the ZnS layer, the Mn luminescence spectral lineshape is 
highly robust with respect to the change in the surrounding medium such as, polarity, 
phase, and pH, and is even insensitive to nanocrystal aggregation, since the Mn2+ dopant 
ions are embedded far below the surface of the nanocrystals (a few layers of the shell) 
with controlled doping radius. 
 Recently Chen et al. reported temperature dependence of the Mn luminescence 
spectrum in Mn-doped CdS/ZnS QDs by adjusting local lattice strain at the Mn2+ site 
through control over the radial doping location and doping concentration. Tuning the 
local lattice strain affects the frequency of the local vibrational modes and local thermal 
expansion properties of the Mn luminescence spectrum, whose peak position and 
bandwidth are changed with different degrees of the temperature dependence via the 
modification. 
 In the study, the local lattice strain at the Mn2+ dopant site was controlled by 
varying the radial doping location (d) of the Mn2+ ions for a given CdS/ZnS QD as  
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Figure II-3. (a) A schematic of Mn-doped CdS/ZnS core/shell QDs with radial doping 
location (d) of Mn2+ ion (yellow small dot). (b) Calculated strain of CdS/ZnS core/shell 
QDs with size of core radius (1.8nm) and shell thickness (1.8nm). Figure adapted from 
Chen’s work.26 
shown in Figure II-3(a). The lattice strain at a given location in the host structure was 
obtained by calculating a simple continuum model with an assumption of continuous  
interface between spherical core and zinc blende shell.92,93 Figure II-3(b) shows the 
calculated strains in the core and shell (radial/tangential) where the diameter of core and 
thickness of shell are 3.6 and 1.8 nm respectively. Since lattice parameter of CdS (5.82 
Å) larger than ZnS (5.41 Å) in bulk phase introduces lattice mismatch at the interface, 
the CdS core contracts in both tangential/radial directions while ZnS shell stretches in 
tangential direction to preserve the continuous interface and shrinks in radial direction. 
The loaded strain is maximized at the interface and gradually diminishes further from the 
interface. Based on the calculated strain, the substituted Mn2+ ions are assumed to 
experience the local lattice strain at a given distance from the interface. Control over the 
local lattice strain gives rise to an adjustment of the ligand-field and bond strength 
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between the ZnS matrix and the Mn2+ ions, which affects the electronic/vibrational 
energy levels of the Mn2+. Since Mn luminescence is a ligand-field transition, as 
described earlier, its luminescence spectrum is influenced the local ligand field which is 
strongly influenced by the local lattice strain. Therefore, modification of the local lattice 
strain, should modify the electronic and vibrational energy levels, resulting in changes to 
the temperature dependent luminescence spectrum.  
 Two distinguished features in the temperature-dependent Mn luminescence, 
which are attributed to tuning of the local lattice strain, are bandwidth change and peak 
position (𝐸𝑀𝑎𝑥) shift. The frequency (ω) of the vibrational mode coupled to the Mn
2+ 
ligand-field transition is a key parameter which determines the temperature dependence 
of the emission line shape. Based on the analysis, ω becomes smaller (softens) as the 
local lattice strain increases, leading to fast broadening of Mn luminescence bandwidth 
with temperature increase. Furthermore, ω softens more with increasing doping 
concentration for a given doping location, which is attributed to the mismatch between 
the lattice parameters of MnS (5.22 Å) and ZnS (5.41 Å). 𝐸𝑀𝑎𝑥  of Mn luminescence 
shows a complicated temperature dependence compared to the bandwidth. 
𝐸𝑀𝑎𝑥increases (blue-shifts) with temperature increase in the range of 90-320 K due to 
two main contributions; 1) thermal expansion of the lattice decreases ligand-field 
splitting (10 Dq) of Mn2+ ions, which results in increase of the ligand-field transition 
energy (4T1  
6A1).
94 2) Higher vibrational frequency in 4T1 with d5 high-spin electronic 
configuration gives rise to the blue-shift with temperature increase, which is considered 
less dominant factor. 95,96 
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 Therefore, understanding the effect of local lattice strain on the temperature 
dependence of Mn luminescence gives rise to utilization of the temperature dependent 
Mn luminescence for a nanothermometer application. Furthermore, synthetic control 
over Mn doping concentration and location in Mn-doped CdS/ZnS QDs can also be 
utilized to maximize or optimize the temperature dependence of Mn luminescence for 
specific application areas.  
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CHAPTER III 
SYNTHESIS OF MN-DOPED  CDS/ZNS CORE/SHELL QUANTUM DODTS AND 
EXPERIMENTAL METHODS* 
 
3.1 Synthesis of Mn-Doped and Undoped CdS/ZnS Core/Shell Quantum Dots 
3.1.1 Synthesis of Undoped CdS/ZnS Core/Shell Quantum Dots 
CdS core was synthesized by injecting 2.0 mL of octadecene (ODE) solution 
with sulfur (0.25 M) to a mixture of ODE (12.0 mL), CdO (125 mg) and oleic acid (2.02 
g) at 250 °C, and growing at 240 °C. The reaction was processed under the nitrogen 
condition. Once the desired size was achieved, the reaction was quenched by lowering 
the temperature. The core NCs are precipitated by centrifugation (2.5k rpm, 10min) after 
adding acetone (10mL) the mixture. Once the centrifugation was done, supernatant was 
decanted and toluene (2mL) was added to dissolve the precipitant followed by adding 
methanol (5mL) to the NCs solution. The rinsing step with toluene/methanol was  
repeated twice to remove all the unnecessary elements. The rinsed CdS core was further 
coated with a ZnS shell via SILAR (Successive Ionic Layer Adsorption and 
 
*Reprinted in part with permission from Park, Yerok; Pravitasari, Arika; Raymond, 
Jeffrey E.; Batteas, James D.; Son, Dong Hee. Suppression of Quenching in Plasmon-
Enhanced Luminescence via Rapid Intraparticle Energy Transfer in Doped Quantum 
Dots. ACS Nano 2013, 7 (12), 10544-10551. Copyright 2013 by the American Chemical 
Society. 
Reprinted in part with permission from Park, Yerok; Koo, Chiwan; Chen, Hsiang-Yun.; 
Han, Arum; Son, Dong Hee. Ratiometric Temperature Imaging Using Environment-
Insensitive Luminescence of Mn-Doped Core–Shell Nanocrystals. Nanoscale 2013, 5, 
4944-4950. Copyright 2013 by the Royal Society of Chemistry. 
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Reaction) procedure using ODE solutions of sulfur (0.25 M) and zinc stearate (0.25 M) 
as the precursors. ZnS shell coating was achieved by injecting zinc streate in toluene and 
sulfur in ODE alternately to the mixture of the CdS NCs, OAm, and ODE at 220 °C with 
addition rate of 2 mL/min. After coating ZnS shells to the desired thickness, the solution 
was cooled to RT and washed following the same procedure as the CdS core NCs. 
 
3.1.2 Synthesis of Mn-Doped CdS/ZnS Core/Shell Quantum Dots and Water-Soluble 
Ligand Exchange 
 Mn-doped CdS/ZnS core/shell (NCs) were synthesized following the procedures 
published elsewhere.1-3 The key control in the synthesis of Mn-doped CdS/ZnS NCs was 
to dope Mn2+ at the desired location and doping concentration with the modified SILAR 
(Successive Ionic Layer Adsorption And Reaction) method. There were two types of 
doping routes in this study; 1) Mn2+ ion was embedded in the ZnS shell. 2) Mn2+ ion was 
inserted at the interface between the core and shell.  
 In order to dope Mn2+ in the ZnS shell, desired layers of the ZnS shell were 
firstly coated with the same procedure as the described above. Manganese (II) acetate 
was initially prepared in a degassed three-neck flask followed by adding oleylamine 
(OAm) under vacuum to prepare Mn precursor  (0.02M), where the mixture was heated 
at 100 °C for 10 min. After then, the Mn precursor solution was added to the CdS/ZnS 
NCs dissolved in ODE and OAm at 260 °C for 20min. After doping Mn2+ process, the 
NCs were cooled to RT and washed by adding acetone and centrifugation. After the 
centrifugation, the precipitant was rinsed with methanol one time as same as the core 
 31 
 
 
NCs. Finally, the desired layers of the ZnS shell were coated again with the same coating 
method. 
To dope Mn2+ at the interface between the CdS core and the ZnS shell, 
manganese diethyldithiocarbamate was firstly prepared adding sodium 
diethyldithiocarbamate trihydrate in oleylamine (OAm) (0.015 M) to manganese (II) 
acetate in OAm (0.02 M) under nitrogen condition at 60°C. The prepared manganese 
diethyldithiocarbamate in OAm was added to the CdS core at 220 °C, which was 
prepared as same as the undoped QDs,  The Mn-doped CdS NCs were precipitated with 
acetone, and then rinsed with toluene and methanol. ZnS shell coating was achieved by 
injecting zinc streate in toluene and sulfur in ODE alternately to the mixture of Mn-
doped CdS NCs, OAm, and ODE at 220 °C. After coating ZnS shells to the desired 
thickness, the solution was cooled to RT and washed following the same procedure as 
the CdS core NCs. In the second study, Mn2+ ions were doped at the interface of the CdS 
core (1.8 nm in radius) and ZnS shell (1.8 nm in thickness). Since the cation and anion 
layers are added sequentially, the step at which the Mn precursor is introduced 
determines the radial location of the dopant. 
In order to make the water-soluble QDs required for the deposition of the QD 
layer from the aqueous solution, ligand exchange was performed to replace the original 
surfactant with mercaptoundecanoic acid (MUA). The solution, which contains MUA in 
methanol/acetone 2:1 (v/v), was prepared to achieve pH of 10 by adding 
tetramethylammonium hydroxide. The ligand solution was added to the QDs solution to 
achieve the ligand exchange. The resulting MUA-passivated QDs were precipitated and 
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rinsed with a 1:1 mixture of ethyl acetate and petroleum ether before finally redispersed 
in Millipore water. 
 
3.2 Determination of the Doping Concentration 
ICP-MS and TEM were utilized to determine the concentration of Mn2+ ions per 
a CdS/ZnS nanocrystal where the diameter of the CdS core was verified as 3.6 nm by 
TEM. For the ICP-MS analysis, two sets of standard solutions were initially prepared to 
obtain calibration curves for Cd2+/Zn2+ ions and Mn2+ ions. A series of concentration of 
the two different standard solutions were prepared by diluting 1ppm standard solution 
commercially available from Aldrich; 1) 2, 20, 50, and 100 ppb for Mn ion. 2) 20, 50, 
100, 200, and 400 ppb for Cd2+/Zn2+ ions. 1% nitric acid in Millipore water was used for 
the dilution. 1 mL of Mn-doped CdS/ZnS nanocrystals in hexane (OD ≈ 0.1 at 430 nm) 
was dried under nitrogen gas flow. After complete evaporation of the solvent, the 
nanocrystals were digested by adding highly pure nitric acid for quantitative trace metal 
analysis (BDH) and put under sonication for 10 min. About half of the solution after 
centrifugation was taken for further dilution, carefully not taking organics in the solution. 
For the two different test samples (Mn2+ and Cd2+/Zn2+ ions), there were two types of 
dilution factors used to fit to the right range in the calibration curve. Initially the digested 
solution was diluted about 20 times for Mn2+ ion sample solution, and further diluted up 
to 300 times for the Cd2+/Zn2+ sample solution. During all the steps of the preparation, 
mass (4 decimal digits of precision) and density of the solution were used to obtain the 
dilution factors. Once the molar concentration of the ions was determined by the 
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elemental analysis, the number of Mn2+ ions per a nanocrystal 〈𝑛𝑀𝑛〉 was obtained to 
divide the molar concentration [Mn2+] of Mn ions by the molar concentration [NC] of 
nanocrystals. [NC] was obtained by dividing molar concentration [Cd2+] of Cd2+ ions by 
average number (491) of Cd2+ ions per a CdS core (3.6 nm in diameter) where the size  
of the core was determined by TEM measurement. 
                                                         〈𝑛𝑀𝑛〉 = [𝑀𝑛
2+] [𝑁𝐶]⁄                                             (20)
 
3.3 Measurement of Time-Dependent Mn and Exciton Luminescence Intensity 
The time-resolved luminescence was measured using two different methods. For 
the Mn luminescence, a pulsed nitrogen laser (Stanford Research Systems, NL100, 3.5 
ns pulse width) centered at 337 nm and photomultiplier tube (Hamamatsu, 982R) were 
used in conjunction with a digital oscilloscope (LeCroy, WaveAce).  A 500 nm longpass 
filter was used to prevent the excitation light reaching the detector. For the exciton 
luminescence, a time-correlated single photon counting (TCSPC) technique was used to 
measure the time-resolved luminescence.  A pulsed diode laser (Picoquant, 80 ps pulse 
width) centered at 405 nm operating at 10 MHz was used as the excitation source. The 
exciton luminescence filtered with 450 nm bandpass filter (fwhm = 50 nm) was detected 
with a TCSPC-enabled PMT, with channel binning of 32 ps over the full time window 
(100 ns) of the measurement. The time-resolved exciton luminescence was obtained at 
several different areas on the substrate on a confocal microscope (Olympus, FV-1000) 
using a fluorescence life time imaging (FLIM) technique. The average lifetimes (τavg) 
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reported in Table IV-1 are 𝜏𝑎𝑣𝑔 = ∑(𝑎𝑖 ∙ 𝜏𝑖
2)/ ∑(𝑎𝑖 ∙ 𝜏𝑖) , where 𝑎𝑖  and 𝜏𝑖  are the 
amplitude and time constant obtained from the multi-exponential fit of the data. 
 
3.4 Fabrication and Characterization of the Multilayered Structure on the Ag MNP-
Patterned Substrate 
Clean Si (111) substrates were prepared by immersing the wafer in piranha 
solution at 100 °C for 1 hr and rinsing with Millipore water. To make the stripe-
patterned layer of (3-aminopropyl)triethoxysilane (APTES) used as the linker between 
the substrate and Ag MNPs, microcontact printing method was used.97 The 
polydimethylsiloxane (PDMS) stamps used for this purpose were made using a Si 
template having 12 m-wide stripe patterns with a pitch of 9 m. The inking of PDMS 
stamp with APTES was done by dropping 1% aqueous solution of APTES on top of the 
stamp. After removing the excess APTES solution with dry nitrogen from the PDMS 
stamp, a patterned APTES layer was transferred to the Si substrate by making a direct 
contact between the stamp and the substrate. The APTES-patterned Si substrate was 
dried for 1 hr and subsequently immersed in the aqueous solution of Ag MNPs (Sigma-
Aldrich, 10 nm in diameter) for 45 min to allow the selective adsorption of Ag MNPs to 
the APTES-coated region. After rinsing the substrate with Millipore water, the resulting 
structure on the Si substrates were patterned stripes of Ag MNPs. A representative 
topographic image of the patterned Ag MNP layer on Si substrate obtained with an 
atomic force microscope (AFM, Agilent Technologies 5500) is shown in Figure IV-1(b).  
The polyelectrolyte spacer layer that separates the Ag MNP layer and QD layer was 
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formed on top of Ag MNP layer using a layer-by-layer deposition method.46,77 
Oppositely charged layers of poly(diallyldimethylammonium chloride) and poly(sodium 
4-styrenesulfonate) were alternately deposited from 0.5 M NaCl solutions of the 
polyelectrolyte. The thickness of the spacer layer was changed by varying the total 
number of layers deposited. The thickness of the spacer layer was measured from the 
topographic AFM images of the covered vs. uncovered regions of the substrate obtained 
with a WITec Alpha 300 AFM. The roughness of the polyelectrolyte layer surface in 
AFM image is ~ ±1 nm, while the actual surface roughness could be larger due to the 
finite lateral dimension of the AFM tip. The  QD layer was deposited on top of the 
outermost spacer layer by dipping the substrate in the aqueous solution of 1:1 mixture of 
Mn-doped and undoped QDs for ~1 min and rinsing the substrate thoroughly with 
Millipore water. All AFM images were acquired under ambient conditions in tapping 
mode using commercially available aluminum-coated silicon AFM tips from 
Nanoscience Instrument (Phoenix, AZ) with nominal tip radii of less than 10 nm and 
nominal spring constants of 48 N/m.  
 
3.5 Imaging of Plasmon-Enhanced Luminescence Intensity on the Patterned Structure 
The luminescence from the QD layer formed on Si substrate was imaged with a 
home-built microscope constructed with a 50X objective (Nikon, CFI L Plan EPI SLWD) 
and a tube lens (Nikon, f=200mm). A liquid nitrogen-cooled CCD (Princeton Instrument, 
PI-LCX) was used as the imaging device and a405 nm cw diode laser (Crystalaser) was 
used as the excitation source. The laser beam directly illuminated the entire imaging area 
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(0.50.5 mm2) of the Si substrate. A longpass filter (410 nm) was used to block the 
excitation light reaching the CCD. Bandpass filters centered at 450 nm (fwhm = 60 nm) 
and 600 nm (fwhm = 10 nm) were used to record the images of exciton and Mn 
luminescence respectively. 
 
3.6 Measurement of the Temperature-Dependent Mn Luminescence Spectra 
Mn-doped CdS/ZnS NCs mixed with poly(methyl methacrylate) were spin-
coated on the sapphire substrate. The temperature was controlled in an open-cycle 
cryostat (ST-100, Janis) using liquid nitrogen as the cryogen. The NCs on sapphire 
substrate were excited by a 403 nm cw diode laser at a low power (< 1 mW at 5 mm 
beam diameter). The luminescence spectra were measured with a fiber optic-coupled 
CCD spectrometer (QE65 Pro, Ocean Optics). A 450 nm long pass filter was used to 
block the scattered excitation light. The transmittance spectra of the two bandpass filters 
used for imaging (600 and 650 nm, 10 nm bandwidth) were used to obtain the 
temperature calibration curve from the measured Mn luminescence spectra. 
 
3.7 Fabrication and Surface Temperature Imaging of Cryo-Cooling Device 
A cryo-cooling device was constructed to provide a temperature gradient from 
77-260 K over ~12 mm distance. Thin film of Mn-doped NCs was formed on a glass 
substrate from the solution of the NCs dispersed in chloroform via spin-coating. On top 
of the NCs-coated glass substrate, 15 µm-thick PDMS layer was  spin-coated  and cured.  
The black PDMS substrate having a channel for the liquid nitrogen (3310 mm3, 
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whl) was replicated from a polymer master mold fabricated using a 3D printer 
(ULTRA, envision TEC). Before applying the uncured black PDMS to the master mold, 
two silicon tubes were connected at the inlet and outlet port of the liquid nitrogen 
channel. The black PDMS was cured in an oven at 80 ºC for 1 hour and permanently 
bonded to the NCs-coated glass substrate. The device was placed in the enclosure made 
of black acetal resin blocks. The front of the enclosure has a glass window for the 
illumination and imaging purpose.  The enclosure has the inlet and outlet port for the dry 
nitrogen gas used for flushing the interior of the enclosure.  
The surface temperature profile of the cryo-cooling devices was measured with 
the optical setup. Liquid nitrogen flowing through the channel cooled the region of the 
glass substrate in contact with liquid nitrogen to 77 K. The dry nitrogen flow through the 
enclosure prevents frosting on the surface of the glass substrate and maintains the 
temperature gradient between 77 K and ambient temperature on the glass substrate. The 
cryo-cooling device was illuminated with a 365 nm UV LED and a collimating lens. 475 
nm short-pass filter (F1) was placed after the LED to remove the red tail of the spectrum. 
A dichroic mirror (DMLP505R, Thorlabs) was used to reflect the excitation light from 
the LED and collect the luminescence from the device. A combination of an achromatic 
doublet lens (L2, focal length = 200 mm) and a microscope tube lens (L3, focal length = 
200 mm) was used to image the surface of the device on the CCD camera (Princeton 
Instrument, PI-LCX) at 1X magnification. Temperature image was generated by taking 
the ratio of the two intensity images at 600 and 650 nm and using the calibration curve 
shown in Figure 2(b). Each intensity image at 600 and 650 nm was separately recorded 
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with 20 sec integration time by placing a bandpass filter (F3) in front of the CCD. With 
this setup, each pixel of CCD images 20x20 m2 area. 
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CHAPTER ??? 
SUPPRESION OF QUENCHING IN PLASMON-ENHANCED LUMINESCENCE 
VIA RAPID INTRAPARTICLE ENERGY TRANSFER 
IN DOPED QUANTUM DOTS* 
 
4.1 Introduction 
Enhancement of excitation or emission rates by noble metal nanostructures 
adjacent to a luminophore has been widely utilized as a way to increase the intensity of 
photoluminescence (PL) or electroluminescence.29,46,98-104 The enhancement of 
absorption or emission rate resulting in a stronger luminescence arises from the 
enhanced local electric field by the localized surface plasmon or the modification of 
photonic mode and local dielectric environment in the vicinity of the metal 
nanostructures.27,29,37 Enhancement of excitation has been extensively studied 
particularly with colloidal metal nanoparticles (MNPs) that exhibit strong plasmon 
resonance, due to the relatively easy synthesis of MNPs with widely tunable resonances 
in visible and near IR spectral region.38-40 While such MNPs can enhance the excitation 
of luminophores via enhanced local electric fields, at close distances they can also  
quench the luminescence through energy transfer from the excited luminophore to the 
 
*Reprinted in part with permission from Park, Yerok; Pravitasari, Arika; Raymond, 
Jeffrey E.; Batteas, James D.; Son, Dong Hee. Suppression of Quenching in Plasmon-
Enhanced Luminescence via Rapid Intraparticle Energy Transfer in Doped Quantum 
Dots. ACS Nano 2013, 7 (12), 10544-10551. Copyright 2013 by the American Chemical 
Society. 
 40 
 
 
MNPs.41-44 Because of the relatively broad plasmon spectrum of MNPs compared to the 
Stokes-shifted luminescence of typical luminophores, simultaneous enhancement of the 
two opposing processes, i.e. excitation and quenching of emission, is unavoidable in 
most cases. For this reason, the difference in the MNP-luminophore distance dependence 
of the excitation enhancement and luminescence quenching has been exploited to 
optimize the net plasmonic enhancement of the luminescence.44,46,47 
Here, we show that the MNP-induced quenching of the luminescence from 
semiconductor quantum dots (QDs) can be partially suppressed via fast intra-particle 
exciton-dopant energy transfer in doped QDs resulting in a stronger net plasmon-
enhancement of the luminescence.  This is shown in Mn-doped CdS/ZnS QDs that 
exhibit sensitized Mn luminescence via fast exciton-Mn energy transfer occurring on a 
few ps time scale.49,50 The sensitized Mn luminescence is significantly more red-shifted 
from both the exciton absorption and plasmon resonance of the MNP than exciton 
luminescence. Therefore, the fast exciton-Mn energy transfer process that rapidly 
separates the absorber (exciton) and emitter (Mn) can reduce the spectral overlap 
between the emitter and plasmon resonance of MNPs.23 One might anticipate that such 
reduction in emitter-MNP spectral overlap will suppress MNP-induced quenching of the 
luminescence leading to a stronger net plasmon-enhancement of the luminescence in 
doped QDs compared to undoped QDs. In order to verify the expected advantage from 
sensitized luminescence, here we made a systematic comparison of luminescence 
enhancement by Ag-MNPs for both Mn-doped and undoped CdS/ZnS QDs.  To examine 
this the net plasmon-enhanced luminescence of doped and undoped QDs were measured 
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simultaneously as a function of the average distance between a mixed layer of the two 
types of QD’s and Ag MNP layer formed on a Si substrate using a patterned array of the 
Ag MNPs we have described in previous studies of plasmon enhanced luminescence of 
QDs.77  In this comparison, Mn luminescence in doped QDs exhibited a stronger net 
enhancement than exciton luminescence in undoped QDs at an optimum QD-MNP 
distance of ca. 10 nm. At very short QD-MNP distances (ca. 2 nm) however, Mn 
luminescence exhibited a stronger net quenching than exciton luminescence. These 
observations can be described qualitatively using a kinetic model, accounting for all of 
the competing processes including exciton-Mn energy transfer and MNP-induced 
quenching of both exciton and Mn luminescence. The present study suggests that the 
sensitized luminescence from a sufficiently fast donor-acceptor energy transfer can be 
superior to that from simple plasmon-enhancement of the luminescence alone. 
 
4.2 Results and Discussion 
To make a systematic comparison of the plasmon-enhancement of luminescence 
in Mn-doped and undoped QDs, under the same environment and with the same average 
QD-MNP distance, a multilayered structure schematically shown in Figure IV-1(a) was 
fabricated using layer-by-layer assembly.  Layers of Ag MNPs and QDs separated by a 
series of polyelectrolyte spacer layers were deposited on a Si substrate employing a 
previously reported procedure .46,77  The details of the fabrication and characterization of 
the structures used are described in the Methods section.  Briefly, patterned stripes of a 
single layer of Ag MNP (~10 nm in diameter) was initially deposited on a Si substrate 
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using microcontact printed pattern of (3-aminopropyl)triethoxysilane (APTES) as the 
linker between Si substrate and Ag MNPs.97  As demonstrated in our recent work this 
structure creates regions with and without plasmon-enhancement on the same substrate 
with minimal variation of the dielectric environment enabling a robust measurement of 
the luminescence enhancement.77  Figure IV-1(b) shows the AFM image of the Ag 
MNP-patterned Si substrate.  The distance between the QD and MNP layers was varied 
by changing the spacer layer thickness (t). 1:1 mixture of Mn-doped and undoped 
CdS/ZnS QDs of the same diameter and surface passivation was used to form the top 
QD layer.  
 
Figure IV–1. (a) Multilayer structure fabricated on Si substrate used for the comparison 
of plasmon-enhancement of exciton and Mn luminescence. (b) AFM image of the 
patterned Ag MNP layer on Si substrate before adding spacer and QD layer.  
Figure IV-2 compares the absorption and luminescence spectra of Mn-doped and 
undoped CdS/ZnS QDs and the extinction spectrum of the Ag MNPs.  Both Mn-doped 
and undoped QDs exhibit nearly identical absorption spectra consistent with having the 
same particle size observed in TEM (Supporting Information). The absorption 
coefficients of the doped and undoped QDs near the band-edge exciton absorption are 
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also nearly identical based on elemental analysis.50 This ensures that both the doped and 
undoped QDs behave identically in the photoexcitation process.  The plasmon resonance 
of the Ag MNPs near 400 nm overlaps well with the band-edge exciton absorption of the 
QDs centered at 420 nm.  Exciton luminescence from the undoped QDs is centered at 
440 nm close to the exciton band-edge absorption peak, while Mn luminescence from 
Mn-doped QDs is significantly more red-shifted occurring at ~ 600 nm. Due to the very 
efficient exciton-Mn energy transfer occurring on a few ps time scale, Mn-doped QDs 
used in this study exhibit only Mn luminescence without exciton luminescence. The 
spectral overlap integral J, defined as  Fd()Ea()
4
 d, where Fd() and Ea() are the 
normalized luminescence spectrum of donor and the molar extinction spectrum of Ag 
MNP respectively, was two orders of magnitude smaller for Mn luminescence compared 
to the exciton luminescence.  
 
Figure IV–2. Comparison of the absorption (solid lines) and luminescence (dashed lines) 
spectra of the Mn-doped (red) and the undoped (blue) CdS/ZnS QDs. Extinction 
spectrum of the Ag MNPs is shown in black solid line. The QD luminescence and Ag 
MNP extinction spectra are normalized.   
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Figure IV–3. False-color images of Mn luminescence from the multilayered structure 
shown in Figure 1 with spacer layer thickness of 3 nm (a) and 9 nm (b). The bottom 
panels show the line profile of the intensity ratio (I/I0) for Mn (red) and exciton (blue) 
luminescence at the region indicated with white dashed lines vertically averaged over 20 
m. (c) I/I0 for exciton and Mn luminescence at different spacer layer thicknesses (t). 
Figure IV-3(a) and (b) show the representative false-color images of the 
luminescence intensity from the fabricated multilayered structures under 405 nm 
excitation at two chosen spacer layer thicknesses (t), t = 3 nm and 9 nm for (a) and (b) 
respectively. The luminescence was imaged with a CCD camera and bandpass filters 
centered at 450 nm and 600 nm for exciton and Mn luminescence respectively. The line 
profiles of the intensity ratio (I/I0) are also shown below each luminescence intensity 
image, where I and I0 are the intensities from the regions with and without Ag MNPs 
respectively.  Figure IV-3(c) compares I/I0 with varying spacer layer thicknesses for both 
exciton (blue) and Mn luminescence (red).  The maximum net enhancement occurs at a 
spacer layer thickness of t = 9 nm for both exciton and Mn luminescence.  At this 
thickness, the Mn luminescence exhibits a stronger net enhancement than the exciton. 
With increasing thickness I/I0 gradually decreases, while maintaining a net enhancement 
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of the luminescence.  At shorter spacer layer thicknesses (e.g., t < 5 nm), where the 
MNP-induced quenching of the luminescence outweighs the plasmon-enhanced 
excitation, the luminescence exhibits net quenching, i.e., I/I0 is < 1.  Notably at the 
shortest spacer layer of t < 2 nm, the Mn luminescence exhibits a stronger net quenching 
than exciton luminescence in contrast to the stronger net enhancement observed at t = 9 
nm. The comparison of the effect of Ag MNP/polyelectrolyte layer on the reflection and 
scattering efficiency of Si substrate at 450 and 600 nm indicates that the presence of the 
multilayer structure does not introduce any wavelength dependence of the overall 
luminescence photon collection efficiency. (See Supporting Information) Therefore, the 
difference in I/I0 in Figure IV-3(c) reflects the actual differences in net plasmon 
enhancement of the two different emitters.  
The important feature in Figure IV-3(c) is the stronger net enhancement (at t = 9 
nm) and stronger net quenching (at t < 2 nm) of Mn luminescence compared to exciton 
luminescence, despite the same level of the excitation enhancement in both doped and 
undoped QDs.  The observed difference in I/I0 between doped and undoped QDs can be 
attributed to the following factors: (i) differences in the MNP-induced quenching of 
exciton and Mn, and (ii) competition between exciton-Mn energy transfer and other 
exciton relaxation channels.  To obtain a better understanding of the different behaviors 
of I/I0 observed for the doped and undoped QDs, we used a kinetic model shown in 
Figure 4(a) that includes all the major competing processes in the doped and undoped 
QDs adjacent to Ag MNP. In this model, kr,i, knr,i, kQ,i (i = ex, Mn) represent the rate 
constants for the radiative relaxation, nonradiative relaxation in the absence of Ag MNP 
 46 
 
 
and quenching by Ag MNP respectively for both exciton (i=ex) and the excited state of 
Mn  (i=Mn). Here, kET represents the rate constant for exciton-Mn intra-particle energy 
transfer in Mn-doped QDs. In this model, we excluded the plasmon enhancement of the 
radiative decay rate of exciton in the consideration of the factors contributing to the 
enhancement of luminescence intensity. In principle, MNP plasmon can enhance both 
the excitation rate and the radiative decay rate with a varying degree depending on the 
details of the geometry of the plasmonic structure and the spectral overlap between the 
interacting transitions and excitation wavelength.105,106 Under our experimental condition, 
where the spectral overlap is maximized among excitation wavelength, the plasmon of 
the isolated colloidal Ag MNP, and exciton absorption of QD, the enhancement of 
radiative decay of exciton is considered to be significantly less important than the 
excitation enhancement. This assumption is supported by the earlier studies that 
examined the enhancement of the local electric field and radiative decay rate of an 
emitter by the colloidal Ag MNPs, where the enhancement of radiative decay rate was 
significantly weaker than enhancement of local electric field at the relevant QD-MNP 
distances of this study.107 While the model can be more refined with the inclusion of the 
enhancement of radiative decay rate, we used the simplified model excluding it since the 
essential features of the data shown in Figure IV-3(c) can be captured with less 
complexity of the model. In addition, in our study with randomly oriented dipoles of 
ensemble of QDs, the magnitude of plasmon enhancement is averaged over many 
different dipole orientations with respect to the electric field. Therefore, the dipole 
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considers only the average plasmon enhancement without explicit consideration on the 
dependence of the dipole orientation.    
In the undoped QDs, the relative enhancement of exciton luminescence by the 
Ag MNP located at distance d from QD, Iex(d)/I0, is determined by the excitation 
enhancement factor (PE,ex) and quenching factor (PQ,ex) for the exciton luminescence as 
shown in Eq. 21. PE,ex represents the excitation enhancement by the plasmon-enhanced 
local electric field. The quenching factor for exciton, PQ,ex, can be expressed as the ratio 
of the rate constants of all the competing processes,108 where only kQ,ex depends on d. 
PQ,ex is often expressed as 1/(1+(RQ,ex/d)
n), where RQ,ex is the distance at which 
kQ,ex(d)=kr,ex+knr,ex and n varies between 3-6 depending on the geometric arrangements 
of interacting dipoles.78-80,109 
𝐼𝑒𝑥(𝑑) 𝐼0⁄ =  𝑃𝐸,𝑒𝑥(𝑑) ∙ 𝑃𝑄,𝑒𝑥(𝑑) =  𝑃𝐸,𝑒𝑥(𝑑) ∙ ( 
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥  +  𝑘𝑄,𝑒𝑥 (𝑑)
 ) 
                =  𝑃𝐸,𝑒𝑥(𝑑) ∙ ( 
1
1 +  (𝑅𝑄,𝑒𝑥 𝑑⁄ )
𝑛 )                                                                 (21) 
𝐼𝑀𝑛(𝑑) 𝐼0⁄ = 𝑃𝐸,𝑒𝑥(𝑑) ∙ 𝑄𝑌𝐸𝑇(𝑑) ∙ 𝑃𝑄,𝑀𝑛(𝑑) 
                 = 𝑃𝐸,𝑒𝑥(𝑑) ∙ ( 
𝑘𝐸𝑇
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥  +  𝑘𝑄,𝑒𝑥(𝑑)  +  𝑘𝐸𝑇
)
∙ (
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛  + 𝑘𝑄,𝑀𝑛(𝑑)
) 
                  ≈ 𝑃𝐸,𝑒𝑥(𝑑) ∙ ( 
1
1 +  (𝑅𝐸𝑇 𝑑⁄ )𝑛
 ) ∙ (
1
1 + (𝑅𝑄,𝑀𝑛 𝑑⁄ )
𝑛′
)                         (22) 
       In Mn-doped QDs, IMn(d)/I0 is determined by the excitation enhancement factor for 
the exciton (PE,ex), exciton-Mn energy transfer quantum yield (QYET) in the presence of a 
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Ag MNP and the quenching factor for Mn luminescence (PQ,Mn) as described in Eq. 22.  
Both the doped and undoped QDs have the same PE,ex, since their absorption spectra near 
the band-edge are identical. PQ,Mn  is expressed as the ratio of the rate constants of the 
relevant competing processes or in terms of RQ,Mn defined similar to RQ,ex.  Here, RQ,Mn 
represents the average behavior of many Mn2+ ions doped in the QD.  The energy 
transfer quantum yield (QYET) can also be expressed as the ratio of the rate constants.  
Since kET ≫ kr,ex + knr,ex for Mn-doped QDs used in this study,
49,50 QYET can be 
approximated as 1/(1+(RET/d)
n), where RET is the distance at which kQ,ex (d)=kET.  For the 
Mn-doped QDs used in this study, kET was ~2.510
11s-1, which is 1-2 orders of 
magnitude larger than kr,ex+knr,ex according to our recent study on the dynamics of 
energy transfer in Mn-doped QDs.49,50 
The observed stronger net enhancement or net quenching of Mn luminescence 
compared to the exciton luminescence shown in Figure IV-3(c) can be explained with 
this model when the following two conditions are met: (i) exciton-Mn energy transfer is 
much faster than exciton relaxation (kET  ≫ kr,ex+knr,ex) and (ii) the Mn excited state 
experiences less MNP-induced quenching than the exciton, i.e., PQ,Mn(d) > PQ,ex(d).  The 
first condition is readily met in the doped QDs used in this study as mentioned above.  
The second condition is expected to be satisfied because of the weaker donor-acceptor 
spectral overlap of Mn-MNP pair than in exciton-MNP pair if the dominant quenching 
mechanism involves energy transfer to the localized surface plasmon of Ag MNP.  
When these two conditions are met, it follows that RET < RQ,Mn < RQ,ex if the quenching 
mechanism is the same for both Mn and exciton luminescence, i.e., n=n’. The 
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Figure IV–4. (a) Kinetic scheme of the photophysical processes in Mn-doped QD 
adjacent to Ag MNP. (b) d-dependence of QYET (dashed), PQ,Mn (red) and PQ,ex (blue) in 
Eq. 1 and 2. See the text for the parameters used for this plot. (c) d-dependence of I/I0 for 
Mn (red) and exciton (blue) luminescence calculated from Eq. 1 and 2 using the same set 
of parameters used in (b).   
corresponding distance dependence of QYET, PQ,Mn, PQ,ex and the resulting I/I0 are shown 
in Figure IV-4(b) and (c) respectively.  The curves in these plots were calculated with 
the following set of parameters for the qualitative comparison with the experimental data 
rather than showing the fit to the experimentally measured I/I0: RET = 3.7 nm,  RQ,Mn = 13 
nm,  RQ,ex = 14.8 nm, n = n' = 6. The details of the choice of the parameters in this 
analysis and the limitation of the model are described in the Supporting Information. 
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Below we examine the different distance dependence of I/I0 for exciton and Mn 
luminescence in more detail.  At large QD-MNP distances (region 1), where the 
quenching is negligible compared to the other competing processes, both PQ,ex and PQ,Mn 
are close to 1.  QYET is also close to 1 in this regime since kET ≫ kQ,ex.  Therefore, both 
exciton and Mn luminescence exhibit similar I/I0, which is slightly larger than 1. At 
shorter QD-MNP distances, where the quenching is not negligible, I/I0 of the Mn and 
exciton luminescence will behave differently depending on the relative magnitudes of 
PQ,ex and QYETPQ,Mn. At intermediate QD-MNP distances (region 2), where QYET is still 
close to 1, the Mn luminescence can take maximum advantage of the plasmon-enhanced 
excitation and the comparatively weaker luminescence quenching to that of the exciton.  
The experimentally observed behavior in Figure IV-3(c) near t = 9 nm belongs to this 
regime.  As the QD-MNP distance continues to decrease (region 3), the rapid drop in 
QYET offsets the advantage of the weaker quenching of Mn, eventually leading to 
stronger net luminescence quenching of the Mn than the exciton.  Such behavior is 
observed in Figure IV-3(c) at t < 2 nm. The model described by Eq. 21 and 22 
successfully describes the observation qualitatively. On the other hand, this model 
overestimates the dependence of I/I0 on the thickness of the spacer layer, since it does 
not account for the distribution of the QD-MNP inter-particle distances inherent in the 
multilayer structures used in this study (See Supporting Information).  The distribution 
of the QD-MNP distances partially smears out the distance dependence of I/I0, which 
results in the less pronounced dependence of the experimentally measured I/I0 on the 
spacer layer thickness than the model predicts. The above analysis suggests that other 
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donor-acceptor systems exhibiting sensitized luminescence from a sufficiently fast 
energy transfer may also benefit from the reduced MNP-induced quenching. In the case 
of the Mn-doped QDs, such a benefit has more practical significance, since the Mn 
luminescence is often stronger and more robust than exciton luminescence even without 
the plasmon enhancement.23,110  
 
Figure IV–5. Time-resolved (a) Mn and (b) exciton luminescence intensity at various 
polymer spacer layer thicknesses.    
We also attempted to gain further insights into the difference in MNP quenching 
of exciton and Mn luminescence by measuring the time-resolved luminescence 
intensities as a function of the spacer layer thickness (t). Figure IV-5(a) and (b) show the  
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Table IV-1. Average luminescence lifetime of exciton (ex) and Mn (Mn) from the 
undoped and Mn-doped QDs respectively at varying spacer layer thicknesses (t)  
t ex(ns) Mn(ms) 
No Ag MNP
a 17.41 1.91 
37 nm 16.68 1.78 
10 nm 12.88 1.22 
2 nm 4.78 0.96 
 
a Lifetime measured on Si substrates without underlying Ag MNP layer  
semi-log plots of the normalized time-resolved Mn and exciton luminescence intensities 
respectively at varying values of t.  For this measurement, the entire area of the Si 
substrate was covered with Ag MNPs and the rest of the multilayer structure was 
fabricated identically to the one shown in Figure IV-1(a). The average lifetime decreases 
with the decrease of the spacer layer thickness for both exciton (ex) and Mn (Mn) 
luminescence as summarized in Table IV-1. Both ex and Mn exhibit a comparable 
relative decrease as the spacer layer thickness changes from t = 37 nm to 10 nm. On the 
other hand, Mn decreases significantly less than ex at t = 2 nm. This indicates that the 
quenching effect of Ag MNP on luminescence is weaker in Mn than for the exciton at 
this spacer layer thickness, consistent with our expectation.  However, it is not 
straightforward to quantitatively measure the quenching kinetics as a function of QD-
MNP distance from the time-resolved luminescence data obtained from the multilayer 
structure due to the heterogeneity of the quenching kinetics. There are two main sources 
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of the heterogeneity influencing the MNP-induced quenching kinetics in the multilayer 
structure used in this study. One is the distribution of QD-MNP inter-particle distances 
(d) for a given spacer layer thickness (t) as discussed earlier. The other is the migration 
of the emitting states within the QD layer, which is unequal between the exciton and Mn 
excited states. Excitons in undoped QDs can migrate away from the initial excitation site 
via inter-particle Förster resonance energy transfer (FRET) in relatively close-packed 
QD layer.89,111-113 This can distort the distance dependence of the quenching kinetics 
especially when the Ag MNP layer is not close packed. The comparison of the time-
resolved exciton luminescence in both solution and film samples indicate that 
interparticle FRET in the layer of QD film occurs on ~ns time scale89,114 (see Supporting 
Information). Trapping of exciton by various different trap sites at different energy 
levels adds an additional complexity to the interpretation of time-dependent 
luminescence data. The trapping of exciton and thermal detrapping result in multi-
exponential decay of luminescence and often responsible for a slow decay component in 
time-resolved luminescence data since the detrapping of exciton acts as the slowly 
leaking source of exciton luminescence. Such complexity also makes it difficult to 
define a single average lifetime of exciton that can readily be used in the evaluation of 
the quantum yield that usually assumes the competition among the first-order (single 
exponential) processes.  On the other hand, the Mn excited state is highly localized on 
the Mn2+ ion and stays within the initially excited QD due to very rapid exciton-Mn 
energy transfer.115  The fact that the solution and dense film samples of Mn-doped QDs 
exhibit the identical luminescence decay indicates the absence of migration of the Mn 
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excited state via FRET. Studies of isolated QD-MNP pairs with known inter-particle 
distances are needed to obtain more accurate kinetic information.  
One interesting observation from the time-resolved luminescence measurements 
is that MNP-induced quenching of the Mn luminescence is still quite substantial, while it 
is weaker than in the exciton luminescence.  Since the spectral overlap integral J of Mn-
Ag MNP is two orders of magnitude smaller than that of the exciton-Ag MNP, RQ,Mn 
should be approximately half of RQ,ex assuming the quenching of luminescence via FRET, 
where the Förster distance is proportional to J1/6.116  In this case, Eq. 21 and 22 predict a 
much stronger suppression of the Mn luminescence quenching than was observed 
experimentally. This suggests that an additional quenching mechanism that is less 
sensitive to the donor-acceptor spectral overlap integral, such as quenching via electron-
hole excitation near the  Fermi level, may be partially involved in quenching of Mn 
luminescence.109  
 
4.3 Conclusions 
In this study, we showed that sensitized Mn luminescence arising from the fast 
exciton-dopant energy transfer occurring on a few ps time scale exhibits a stronger 
plasmon-enhancement of luminescence than the exciton due to a suppression of MNP-
induced quenching of the luminescence. The rapid energy transfer that separates the 
absorber (exciton) and emitter (Mn) in time can partially separate the plasmon-
enhancement of the excitation from the MNP-induced quenching processes, both of 
which results from the presence of the plasmonic MNPs. When combined with the 
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reduced spectral overlap between the sensitized Mn luminescence and MNP plasmon, as 
compared to the exciton luminescence, the Mn luminescence in Mn-doped QDs 
exhibited a stronger net plasmon enhancement than the exciton at the optimum 
separation between the MNP and QD layers.  
 
4.4 Experimental Section 
4.4.1 Materials Used for Synthesis of Quantum Dots 
Cadmium oxide (Aldrich, ≥99.99%), sulfur (Aldrich, 99.98%), zinc stearate 
(Alfa Aesar, ZnO 12.5-14%), manganese(II) acetate tetrahydrate (Aldrich, ≥99%),1-
octadecene (ODE) (Aldrich, 90%), oleic acid (Aldrich, 90%), oleylamine (OAm) 
(Aldrich, 70%), 11-mercaptoundecanoic acid (Aldrich, 95%), tetramethylammonium 
hydroxide pentahydrate (Sigma, ≥97%), (3-Aminopropyl)triethoxysilane (APTES) 
(≥98%, Sigma-Aldrich), silver nanoparticles (Sigma-Aldrich), 
poly(diallyldimethylammonium chloride) (PDADMAC) (Aldrich, MW 100,000-200,000), 
poly(sodium 4-styrenesulfonate) (PSS) (Aldrich, Mw ~70,000) 
 
4.4.2 Synthesis of the Mn-Doped and Undoped CdS/ZnS Core/Shell Quantum Dots   
Mn-doped and undoped CdS/ZnS core/shell QDs were synthesized following 
previously reported procedures.21,50,117 Briefly, the CdS core was synthesized by 
injecting 2.0 mL of octadecene (ODE) solution with sulfur (0.25 M) to a mixture of 
ODE (12.0 mL), CdO (125 mg) and oleic acid (2.02 g) at 250 °C, and growing at 240 °C. 
The rinsed CdS core was further coated with a ZnS shell via SILAR (Successive Ionic 
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Layer Adsorption and Reaction) procedure using ODE solutions of sulfur (0.25 M) and 
zinc stearate (0.25 M) as the precursors. Doping with Mn2+ ions was achieved by adding 
a Mn precursor (manganese acetate in oleylamine) at the chosen step during the SILAR 
process.  In this study, Mn2+ ions were doped at the interface of the CdS core (1.8 nm in 
radius) and ZnS shell (1.8 nm in thickness). Since the cation and anion layers are added 
sequentially, the step at which the Mn precursor is introduced determines the radial 
location of the dopant. Details of the doping procedure can be found elsewhere.50  In 
order to make the water-soluble QDs required for the deposition of the QD layer from 
the aqueous solution, ligand exchange was performed to replace the original surfactant 
with mercaptoundecanoic acid (MUA). The ligand exchange was performed by adding 
the QDs into a mixture of methanol, acetone and MUA at pH of 10 adjusted with 
tetramethylammonium hydroxide. The resulting MUA-passivated QDs were precipitated 
and rinsed with a 1:1 mixture of ethyl acetate and petroleum ether before finally 
redispersed in Millipore water. The Mn-doped and undoped CdS/ZnS core/shell QDs are 
shown in Figure IV-6 (a)-(d). 
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Figure IV–6. TEM images of the undoped and the Mn-doped CdS/ZnS QDs. 
Magnification is (a) 100k and (b) 250k of the undoped QDs, and (c) 100k and (d) 250k 
of the Mn-doped QDs. 
 
 
Figure IV–7. TEM image of the Ag nanoparticles. 
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4.4.3 Fabrication and Characterization of the Multilayered Structure on the Ag MNP-
Patterned Substrate.  
Clean Si (111) substrates were prepared by immersing the wafer in piranha 
solution at 100 °C for 1 hr and rinsing with Millipore water. To make the stripe-
patterned layer of (3-aminopropyl)triethoxysilane (APTES) used as the linker between 
the substrate and Ag MNPs, microcontact printing method was used.97 The 
polydimethylsiloxane (PDMS) stamps used for this purpose were made using a Si 
template having 12 m-wide stripe patterns with a pitch of 9 m. The inking of PDMS 
stamp with APTES was done by dropping 1% aqueous solution of APTES on top of the 
stamp. After removing the excess APTES solution with dry nitrogen from the PDMS 
stamp, a patterned APTES layer was transferred to the Si substrate by making a direct 
contact between the stamp and the substrate. The APTES-patterned Si substrate was 
dried for 1 hr and subsequently immersed in the aqueous solution of Ag MNPs (Sigma-
Aldrich, 10 nm in diameter shown in Figure IV-7) for 45 min to allow the selective 
adsorption of Ag MNPs to the APTES-coated region. After rinsing the substrate with 
Millipore water, the resulting structure on the Si substrates were  patterned stripes of Ag 
MNPs. A representative  topographic image of the patterned Ag MNP layer on Si 
substrate obtained with an atomic force microscope (AFM, Agilent Technologies 5500) 
is shown in Figure IV-1(b).  The polyelectrolyte spacer layer that separates the Ag MNP 
layer and QD layer was formed on top of Ag MNP layer  using a layer-by-layer 
deposition method.46,77 Oppositely charged layers of poly(diallyldimethylammonium 
chloride) and poly(sodium 4-styrenesulfonate) were alternately deposited from 0.5 M 
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NaCl solutions of the polyelectrolyte. The thickness of the spacer layer was changed by 
varying the total number of layers deposited. The thickness of the spacer layer was 
measured from the topographic AFM images of the covered vs. uncovered regions of the 
substrate obtained with a WITec Alpha 300 AFM. The roughness of the polyelectrolyte 
layer surface in AFM image is ~ ±1 nm, while the actual surface roughness could be 
larger due to the finite lateral dimension of the AFM tip. The  QD layer was deposited 
on top of the outermost spacer layer by dipping the substrate in the aqueous solution of 
1:1 mixture of Mn-doped and undoped QDs for ~1 min and rinsing the substrate 
thoroughly with Millipore water. All AFM images were acquired under ambient 
conditions in tapping mode using commercially available aluminum-coated silicon AFM 
tips from Nanoscience Instrument (Phoenix, AZ) with nominal tip radii of less than 10 
nm and nominal spring constants of 48 N/m.  
 
4.4.4 Measurements of Spacer Layer Thickness and Distribution of QD-Ag MNP Inter-
Particle Distances Distribution 
The thickness of the polymer spacer layer separating Ag MNP and QD layers on 
Si substrate was obtained by measuring the step height in the scratched Si substrates that 
have Ag MNPs and the spacer layers with AFM. Figure IV-8 show the AFM image of Si 
substrate with Ag MNPs (10 nm diameter) only. Figure IV-9 shows the height profile of 
the polymer layer on deposited Si substrate measured with tapping-mode AFM after 
scratching the substrates. A close inspection of Figure IV-8 indicates that the nearest-
neighbor distance between Ag MNPs is ~50 nm. The relatively large inter-particle 
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distance compared to the particle size (10 nm) is due to the repulsion of the negatively 
charged Ag MNPs passivated with citrate. Because of the non-close packed Ag MNP 
layer, the nearest QD-Ag MNP inter-particle distance has a distribution that varies with 
the spacer layer thickness. The distribution is wider for shorter spacer layer thickness. 
Figure IV-10 illustrates the distribution of the nearest center-to-center distance 
between QD and Ag MNP calculated with a model layer structure at two different spacer 
layer thicknesses. The model layered structure for this calculation is composed of a 
cubic closed-packed layer of QDs (QD+surfactant radius=4 nm) and one Ag MNP 
(radius=5nm) at the center of 50×50 nm2 square area.    
 
 
Figure IV–8. AFM images of the Si substrate with the patterned Ag MNPs (a) 9×9 µm2,  
(b) 1×1 µm2 area. 
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Figure IV–9. The height profile of the polymer spacer layers on the scratched Si 
substrate measured with tapping-mode AFM. 
 
Figure IV–10. Calculated distribution of center-to-center distances between QD and Ag 
MNP.  
 
4.4.5 Imaging of Plasmon-Enhanced Luminescence Intensity on the Patterned Structure  
Optical setup for the imaging of luminescence is shown in Figure IV-11. The 
microscope used for imaging the luminescence from was constructed using the Cage 
System (Thorlabs) directly on a bread board ('1x4' foot print). The image was collected 
with a 50X objective lens (Nikon, CFI L Plan EPI SLWD) and focused onto on a liquid 
nitrogen-cooled CCD camera (Princeton Instrument, PI-LCX) with a tube lens (Nikon, 
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focal length=200 mm). The sample stage was mounted on an xyz translation stage with 
piezo actuators (Newfocus, Picometer). The sample was illuminated with a 405 nm 
diode laser. A clean-up filter (Semrock, LD01-405/10) was used to remove the unwanted 
wavelength component from the excitation light. A neutral density filter was placed 
before the sample to adjust the intensity of the excitation light.  A combination of a 
longpass filter (410 nm, F1) and a bandpass filter (F2) was used to selectively image 
either exciton or Mn luminescence.  450 nm and 600 nm bandpass filters have fwhm of 
60 nm and 10 nm respectively.   
  
Figure IV–11. Optical setup for the imaging of luminescence  
 
4.4.6 Time-Resolved Luminescence Intensity Measurements  
The time-resolved luminescence was measured using two different methods. For 
the Mn luminescence, a pulsed nitrogen laser (Stanford Research Systems, NL100, 3.5 
ns pulse width) centered at 337 nm and photomultiplier tube (Hamamatsu, 982R) were 
used in conjunction with a digital oscilloscope (LeCroy, WaveAce).  A 500 nm longpass 
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filter was used to prevent the excitation light reaching the detector. For the exciton 
luminescence, a time-correlated single photon counting (TCSPC) technique was used to 
measure the time-resolved luminescence.  A pulsed diode laser (Picoquant, 80 ps pulse 
width) centered at 405 nm operating at 10 MHz was used as the excitation source. The 
exciton luminescence filtered with 450 nm bandpass filter (fwhm = 50 nm) was detected 
with a TCSPC-enabled PMT, with channel binning of 32 ps over the full time window 
(100 ns) of the measurement. The time-resolved exciton luminescence was obtained at 
several different areas on the substrate on a confocal microscope (Olympus, FV-1000) 
using a fluorescence life time imaging (FLIM) technique. The average lifetimes (τavg) 
reported in Table IV-1 are 𝜏𝑎𝑣𝑔 = ∑(𝑎𝑖 ∙ 𝜏𝑖
2)/ ∑(𝑎𝑖 ∙ 𝜏𝑖) , where 𝑎𝑖  and 𝜏𝑖  are the 
amplitude and time constant obtained from the multi-exponential fit of the data. 
 
4.4.7 Comparison of the Time-Resolved Luminescence Intensity between the Dilute 
Solution and the Thin Film Sample  
Figure IV-12(a) compares the time-resolved Mn luminescence intensities of Mn-
doped QDs measured from dilute solution and film formed on a Si substrate. Figure IV-
12(b) shows the same comparison made for the exciton luminescence of undoped QDs. 
Mn luminescence exhibits nearly identical decay of the luminescence intensity in both 
solution and thin film samples. Exciton luminescence decays more rapidly in thin film 
sample compared to the solution sample and considered due to the inter-particle energy 
transfer.89,114  
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Figure IV–12. Time-resolved (a) Mn and (b) exciton luminescence intensity from the 
dilute solution and the dropcast thin film sample.    
 
4.4.8 Test of the Effect of the Multilayered Structure (Polyelectrolyte Layer/Ag 
MNP/APTES/Si Substrate) on the Collection Efficiency at Different Wavelengths. 
The effect of the multilayered structure (polyelectrolytes/with or without Ag 
MNP/APTES/Si substrate) on the collection efficiency due to reflection/scattering from 
the construct was compared at two different collection wavelengths of 450 and 600 nm. 
A monochromator was used to select the specific wavelength from a white light source, 
and a CCD camera was used to image the scattered/reflected light from the construct. 
Four different images were taken as shown in Figure IV-13(a)-(d), and Figure IV-13 (e) 
was taken as the region of interest (ROI) from the ratio image of (Ilayer,450 / 
Ibare,450 )/( Ilayer,600/ Ibare,600). The average value of the ratio in ROI is 1.01 which indicates 
that the presence of the multilayered structure has the equal effect on the overall photon 
collection efficiency of the exciton and Mn luminescence. 
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Figure IV–13. (a)-(d) Images of scattered/reflected light projected on the same construct 
(polyelectrolytes/with or without Ag NPs/APTES/Si substrate) at two different 
wavelengths (450 and 600 nm), (a) with Ag NPs at 450 nm (Ilayer,450), (b) without Ag 
NPs at 450 nm (Ibare,450), (c) with Ag NPs at 600 nm (Ilayer,600), (d) without Ag NPs at 600 
nm (Ibare,600). (e) The region of interest (red dotted line shown in (a)) in the ratio image of 
(Ilayer,450/Ibare,450)/ (Ilayer,600/Ibare,600) and (f) the cross section in (e) (blue solid line).  
 
4.4.9 Modeling d-Dependence of Plasmon-Enhanced Luminescence  
d-dependence of the plasmon-enhanced luminescence, I(d)/I0, was described 
using the following equations. PE,ex is the excitation enhancement factor,  PQ,ex and PQ,Mn 
are the quenching factor for exciton and Mn luminescence, and QYET is the quantum 
yield of exciton-Mn energy transfer in the presence of Ag MNP.  
𝐼𝑒𝑥(𝑑) 𝐼0⁄ =  𝑃𝐸,𝑒𝑥(𝑑) ∙ 𝑃𝑄,𝑒𝑥(𝑑) =  𝑃𝐸,𝑒𝑥(𝑑) ∙ ( 
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥  +  𝑘𝑄,𝑒𝑥 (𝑑)
 ) 
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                    =  ((
𝑅𝐸
𝑑
)
𝑛𝐸
+ 1) ∙ ( 
1
1 +  (𝑅𝑄,𝑒𝑥 𝑑⁄ )
𝑛 )                                                  (23) 
  
𝐼𝑀𝑛(𝑑) 𝐼0⁄ = 𝑃𝐸,𝑒𝑥(𝑑) ∙ 𝑄𝑌𝐸𝑇(𝑑) ∙ 𝑃𝑄,𝑀𝑛(𝑑) 
                    = ((
𝑅𝐸
𝑑
)
𝑛𝐸
+ 1) ∙ ( 
𝑘𝐸𝑇
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥  +  𝑘𝑄,𝑒𝑥(𝑑)  +  𝑘𝐸𝑇
)
∙ (
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛  + 𝑘𝑄,𝑀𝑛(𝑑)
) 
                    ≈ ((
𝑅𝐸
𝑑
)
𝑛𝐸
+ 1) ∙ ( 
𝑘𝐸𝑇
 𝑘𝑄,𝑒𝑥(𝑑) +  𝑘𝐸𝑇
) ∙ (
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛
𝑘𝑟,𝑀𝑛 + 𝑘𝑛𝑟,𝑀𝑛  +  𝑘𝑄,𝑀𝑛(𝑑)
) 
                   = ((
𝑅𝐸
𝑑
)
𝑛𝐸
+ 1) ∙ ( 
1
1 +  (𝑅𝐸𝑇 𝑑⁄ )𝑛
 ) ∙ (
1
1 +  (𝑅𝑄,𝑀𝑛 𝑑⁄ )
𝑛′
)            (24) 
 
kr,i: radiative relaxation in the absence of MNP for exciton (i=ex) and Mn (i=Mn)  
knr,i: nonradiative relaxation in the absence of MNP for exciton (i=ex) and Mn (i=Mn)   
kQ,i (d): MNP-induced quenching of luminescence for exciton (i=ex) andMn (i=Mn)   
kET: exciton-Mn energy transfer rate  
 
Following parameters were used for the plots in Figure IV-4(b). For the 
excitation enhancement factor and exciton quenching factor, RE =17.7 nm, nE=5.3, 
RQ,ex=14.8 nm and n=6 were used, which were taken from our earlier study on a related 
system.77 RET was estimated to be ~3.7 nm using Eq. 23 from the rate constants of 
exciton relaxation in undoped QDs (𝑘𝑟,𝑒𝑥+𝑘𝑛𝑟,𝑒𝑥  5.710
7s-1) and the energy transfer in 
doped QDs (𝑘𝐸𝑇  2.510
11s-1) with n=6. We chose RQ,Mn=13 nm, since it well-illustrates 
qualitatively the difference in d-dependence of I(d)/I0 between exciton and Mn 
luminescence observed in the experiment. Because of the distribution of QD-MNP inter-
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particle distance in thin film structure and other heterogeneity described in the text, the 
model based on the Eq. 23- 25 will have a limited quantitative validity.   
 (𝑅𝑄,𝑒𝑥 𝑑⁄ )
𝑛
 (𝑅𝐸𝑇 𝑑⁄ )𝑛
=
( 
𝑘𝑄,𝑒𝑥 (𝑑)
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥
 )
( 
𝑘𝑄,𝑒𝑥 (𝑑)
𝑘𝐸𝑇
 )
  , 
 
                                                   
 𝑅𝑄,𝑒𝑥
𝑅𝐸𝑇 
= ( 
𝑘𝐸𝑇
𝑘𝑟,𝑒𝑥 + 𝑘𝑛𝑟,𝑒𝑥
 )
1
𝑛
                                          (25) 
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CHAPTER V 
RATIOMETRIC TEMPERATURE IMAGING USING ENVIRONMENT-
INSENSITIVE LUMINESCENCE OF MN-DOPED CORE/SHELL 
NANOCRYSTALS* 
 
5.1 Introduction 
 Recent progress in luminescence thermometry using temperature-dependent 
luminescence of various molecular and nanocrystalline materials made it possible to 
measure the temperature optically with high accuracy (<0.1 ºC) and spatial resolution 
(<10 µm).51-62  
 The luminescence thermometry has been applied to the temperature sensing of 
various platforms such as micro/nanofluidics, integrated devices and intracellular 
environment.81-86 Temperature dependence of the intensity, spectral position, bandwidth, 
polarization and lifetime of the luminescence are among the frequently utilized 
temperature sensing mechanisms in luminescence thermometry.53-56 Therefore, the 
insensitivity of these characteristics of luminescence to the other variables besides the 
temperature is very important for the accurate and reliable temperature sensing.64,84,118 
However, the luminescence of many materials utilized for temperature sensing is often 
affected by the variation of the surrounding chemical environment at a given  
 
*Reprinted in part with permission from Park, Yerok; Koo, Chiwan; Chen, Hsiang-Yun.; 
Han, Arum; Son, Dong Hee. Ratiometric Temperature Imaging Using Environment-
Insensitive Luminescence of Mn-Doped Core–Shell Nanocrystals. Nanoscale 2013, 5, 
4944-4950. Copyright 2013 by the Royal Society of Chemistry. 
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temperature.  For instance, luminescence intensity and peak position of many thermo- 
sensitive dye molecules vary significantly as the polarity or pH of the surrounding 
medium changes.63,64 The lifetime of the luminescence can also be influenced by the 
surrounding medium interfering with the temperature measurement.52,65 In the case of 
quantum dots, the variation of the surface functionalization and interparticle distance can 
change the exciton luminescence intensity and spectrum.87-89  
      One strategy that was shown to be effective in reducing the environmental 
sensitivity of the luminescence thermometry is to coat the temperature-sensing material 
with ‘shell’ material that forms a barrier between the sensor and the surrounding 
medium. For instance, a thick polymer layer formed on the thermosensitive fluorescent 
dye-imbedded nanoparticles effectively reduced the sensitivity of the luminescence 
lifetime to the variation of pH and ionic strength, enabling more reliable temperature 
sensing.119 In the case of the thermometry based on the luminescence intensity, 
ratiometric measurement of the multiple emitters has become more common recently, 
where the temperature-dependent ratio of the two different luminescence intensities is 
measured instead of the absolute intensity. The dual emitting materials used for such 
purpose include lanthanide-codoped nanoparticles or metal-organic framework (two 
dopant emissions) and Mn-doped quantum dot (exciton and dopant emissions).57-61 Since 
the intensity ratio fluctuates much less than the absolute intensity, the ratiometric 
thermometry is generally more accurate than non-ratiometric methods for the optical 
temperature imaging.   
      While the ratiometry allows more robust intensity-based luminescence 
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thermometry, the environmental sensitivity still remains as a challenging issue due to the 
potentially unequal effect of the surrounding environment on the intensities of the 
different emitters. For instance, the luminescence intensities of exciton and dopant in 
nanocrystals are affected differently by the charge carrier-accepting molecules (e.g., 
thiols) or the dissolved oxygen present in the surrounding medium depending on the 
spatial proximity of the emitter and the molecules affecting the luminescence.90,91  
      Here, the ratiometric surface-temperature imaging of a cryo-cooling device in a 
wide temperature range (77 ̶ 260 K)  is demonstrated by using Mn luminescence from 
Mn-doped CdS/ZnS core/shell nanocrystals with controlled host structure and doping 
location, which is highly insensitive to the surrounding chemical environment and 
exhibits near-linear temperature response in a broad range of temperatures (100 ̶ 380 K). 
The diminished sensitivity of the method reported here to the environmental variation is 
ascribed to the use of 'single' luminescence from Mn2+ ions doped far below the surface 
of the nanocrystals (~2.1 nm) with controlled doping radius, whose spectral lineshape is 
highly insensitive to the environment outside of the nanocrystals. For the same reason, 
high quantum yield of luminescence can be maintained even under the conditions that 
are known to significantly diminish the exciton luminescence. The broad bandwidth 
(~90 nm at 293 K) and robust Mn luminescence spectrum enable the ratiometric 
thermometry even with a single luminescing species, i.e., Mn2+ ions. The temperature 
sensitivity (IR/IR = ~0.5%/K at 293 K, IR = intensity ratio) in a wide range of 
temperatures was obtained by controlling the local lattice strain at the dopant site, which 
significantly enhances the bandwidth broadening and peak shift with temperature 
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increase.26,95 Since only a single emitting species is used, the issue of potentially 
different effect of the surrounding environment on different emitters is avoided. Here, 
we performed the ratiometric surface temperature imaging of a glass substrate partially 
exposed to the liquid nitrogen to demonstrate the capability of the reliable thermometer 
in a wide range of temperatures. Despite the inhomogeneity of the nanocrystal coating 
formed on the substrate via spin coating, the surface temperature ranging from 77 to 260 
K could be reliably imaged on a CCD camera thanks to the environmental insensitivity 
of Mn luminescence and large dynamic range of temperature sensing. The ratiometric 
temperature imaging with Mn-doped CdS/ZnS nanocrystals demonstrated in this study 
will be particularly useful for the optical surface-temperature imaging of the chemically 
heterogeneous system with a large distribution of temperatures. 
 
5.2 Results and Discussion  
 Figure V-1(a) shows the luminescence spectra of Mn-doped CdS/ZnS core/shell 
nanocrystals (NCs) used in this study in the temperature range of 77 to 380 K. The Mn2+ 
ions are doped at the interface between the CdS core (3.6 nm in diameter) and the ZnS 
shell (2.1 nm in thickness) at the average doping concentration of ~45/particle 
determined from the elemental analysis. The two dashed curves in Figure V-1(a) are the 
transmittance spectra of the bandpass filters centred at 600 and 650 nm used for the 
ratiometric temperature imaging in this study. These two wavelengths are chosen since 
the ratio of the intensities exhibit a large usable linear dynamic and the simple bandpass 
filter can readily separate them spectrally. Figure V-1(b) shows the ratio of the 
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intensities (IR = I600/I650) measured with the two band-pass filters in the temperature 
range of 77 ̶ 380 K normalized to the intensity ratio (IR) at 293 K, which serves as the 
temperature calibration curve. Near the ambient temperature, IR varies at the rate of 
0.5%/K.   
        
 
Figure V–1. (a) Normalized Mn luminescence spectra of Mn-doped (at the interface 
between the CdS core and ZnS shell) NCs with high local lattice strain at Mn2+ sites 
used for thermometry in this study. (b) Intensity ratio of I600/I650 at different temperatures 
(blue dots: experimental data, green line: interpolation curve). (c) Normalized Mn 
luminescence spectra of typical Mn-doped (in the ZnS shell) NCs with weak local lattice 
strain at Mn2+ ion sites. Insets in (a) and (c) pictorially represent the structures of Mn-
doped core/shell NCs with different radial doping locations.    
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 The structure of the NCs used in this study was specifically controlled to enhance 
the temperature dependence of the bandwidth and peak position. Our recent study  
 indicated that the local lattice strain at Mn2+ sites softens the vibrational mode coupled 
to Mn luminescence and increases local thermal expansion, which results in a significant 
enhancement of the bandwidth broadening and peak shift with the temperature 
increase.26 The local lattice strain arises from the lattice mismatch between the core and 
shell, which increases as it gets closer to the core/shell interface. In the NCs used in this 
study, the local lattice strain on Mn2+ ions was maximized by doping at CdS/ZnS 
interface employing SILAR (Successive Ionic Layer Adsorption And Reaction) method 
to maximize the temperature dependence of Mn luminescence. For comparison, 
significantly weaker temperature dependence of Mn luminescence spectra from  Mn-
doped NCs, where Mn2+ ions are doped at low-strain region in the ZnS shell, is shown in 
Figure V-2(c). Since the diffusion of Mn2+ ions within the host NC is negligible below 
<400 K, the structurally optimized temperature dependence of Mn luminescence 
spectrum is maintained robustly within the temperature range of our study.  Above 
~500K, however, the diffusion of Mn2+ ions begins to become non-negligible and limits 
the applicability at the higher temperatures.120,121      
  In general, the ratiometric luminescence thermometry using the luminescence 
intensities of two emitting states is based on the Boltzmann population determined by e-
E/kT, where E is the energy difference between the two emitting species. In this work, 
while we rely on a single emitting species (i.e., Mn2+ ions), the situation is similar to 
having a multiple number of emitting states separated by the energy of the coupled 
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vibrational mode, whose populations also follow the Boltzmann statistics. Because of the 
broadening of each vibronic transition that results in the smooth spectral lineshape, 
luminescence from higher-lying state appears as the broadening of the spectral 
lineshape. In this sense, the temperature measurement based on Mn luminescence 
operates on the same principle as the typical ratiometric method based on multiple 
emitting species. The linear increase of Mn luminescence bandwidth above ~70 K 
follows the functional form of coth(ħ/2kT) and the linear local thermal expansion, 
where  is the frequency of the vibrational mode coupled to Mn emission.26,95  
 The potential influence of the surrounding environment on the luminescence is 
the common issue for the luminescence thermometry and poses a challenge in 
temperature sensing under the chemically heterogeneous environment such as in the 
biological cell.84-86,118,119,122,123 For the fluorescence of the molecular species and the 
exciton fluorescence of quantum dots, both the intensity and the shape of the 
luminescence spectra can vary with the polarity of the surrounding medium or 
concentration of the fluorophore due to solvatochromism or interparticle electronic 
coupling.63,89,124,125 In the case of semiconductor quantum dot, the surfactant molecules 
can also influence the luminescence intensity via charge carrier transfer between the 
surfactant and the quantum dot to a varying degree depending on the structure of the 
quantum dot.126 Therefore, the potential differences in the effect of the surrounding 
environment on the luminescence of the different emitting species can complicate even 
the ratiometic temperature sensing. A common strategy that has been used to address 
such issue is adding a thick shell (e.g., polymer) that surrounds the sensor material and 
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prohibits the access of the molecules in the surrounding medium. In Mn-doped core/shell 
NCs used in this work, the inorganic shell (ZnS) combined with the local nature of the d 
electrons of Mn makes Mn luminescence highly insensitive to the surrounding medium 
even without thick polymer shell.   
 Figure V-2(a)-(c) exemplify the robustness of Mn luminescence spectrum with 
respect to the large variation of several environmental variables, such as the solvent 
polarity, surface-passivating molecules, concentration of the NCs and pH of aqueous 
medium. All the NCs used in the above comparison have ~2.1 nm of ZnS shell above 
Mn2+ ions and passivated with organic surfactants with aliphatic tail group containing 
11-18 carbons. Figure V-2(a) compares the Mn luminescence spectra of the NCs at 293 
K dispersed in chloroform and water that have very different polarity ( = 4.8 vs. 80.4 
for chloroform and water at 293 K respectively). The two NCs also have different 
surface-passivating surfactant to give the solubility in each solvent, i.e., oleic acid and 
11-mercaptoundecanoic acid (MUA) for chloroform and water respectively. The bottom 
panel shows the difference between the two normalized spectra (∆I) in two different 
solvents. Even with such extreme difference in the solvent polarity and the surface 
passivating functional group, the two spectra are very close with less than 1% difference 
introduced to the value of ∆I. (< 2 K shift in temperature). The difference of the spectra 
between the two different solvents with relatively small difference in polarities (e.g., 
hexane and toluene) is within the noise level of detection by the spectrometer.   
Figure V-2(b) compares Mn luminescence spectra of the oleic acid-passivated 
NCs in different phases of the surrounding medium: liquid (chloroform), solid substrate  
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Figure V–2.  Comparison of the normalized luminescence spectra of Mn-doped 
CdS/ZnS NCs under different medium environment. (a) Solvent dependence; chloroform 
(s1) and water (s2), (b) Medium phase dependence; on sapphire under vacuum (s3), 
PMMA/sapphire (s4),  chloroform (s1) is shown for comparison. (c) pH dependence: pH5 
(s5),  pH7 (s6) and  pH9 (s7). The bottom panels are the intensity difference of the 
normalized spectra. (a) s1-s2, (b) s1-s3 (blue), s1-s4 (red), (c) s6-s5 (blue), s6-s7 (red). 
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in vacuum (sapphire) and polymer film on solid substrate (PMMA/sapphire). The 
sample on the sapphire was prepared by drop-casting the concentrated chloroform 
solution of NCs and forms an aggregate of the NCs. The sample in the polymer medium 
was prepared by spin coating the dilute NC solution in PMMA-chloroform mixture. The 
difference of the spectra (blue: s1-s3, red: s1-s4) shown in the bottom panel indicates less 
than 1% variation in ∆I is introduced by the change of phase of the surrounding medium 
and aggregation. The spectra from the aggregated NCs and dispersed NCs in PMMA 
polymer were nearly identical within the noise of the spectrometer. Figure V-2(c) shows 
the pH-dependent Mn luminescence spectrum of MUA-passivated NCs. Even with the 
onset of partial aggregation of the NCs at pH 5, the luminescence spectra remains highly 
robust with less than 0.5% change in ∆I. Compared to the materials with thick (tens of 
nm) polymer shell that has been used to protect the temperature sensing nanoparticles, 
inorganic core/shell structure can provide comparable protection at much smaller sizes. 
For Mn-doped CdS/ZnS NCs studied here, thickening of ZnS shell or adding the 
polymer shell is expected to further improve the insensitivity of the luminescence 
spectrum to the surrounding environment.  
  Having established the robustness of the temperature-dependent Mn 
luminescence spectral lineshape with respect to the variation of the surrounding 
environment, we performed imaging of the surface temperature of a cryo-cooling device 
experiencing a large thermal gradient. Figure V-3(a) shows the structure of the device,  
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Figure V–3. (a) Schematics of the cryo-cooling device. The imaging area is indicated by 
the dashed rectangle. (b) Color contour plot of the intensity image (I650) from the device 
with liquid nitrogen flow in the channel. (c) Color contour plot of the temperature 
converted from the intensity ratio image. (d) Temperature line profile (solid) and the 
simulation result (dashed) at the location indicated in (c).   
where the liquid nitrogen flows in the channel formed under the glass substrate by the 
black poly(dimethylsiloxane) (PDMS) polymer. Such device that provides local cryo-
cooling has been used in low-temperature applications, e.g., cryo magnetic resonance 
imaging.127 However, the spatially-resolved temperature profile at the interface of two 
materials in such device could not be measured readily. To measure the temperature 
distribution at the interface of the glass substrate and PDMS in this study, Mn-doped 
NCs were spin-coated on the side of the glass substrate facing the PDMS polymer.  
  Figure V-3(b) and 3(c) shows the color contour plot of the raw intensity profile at 
650 nm (I650) and the temperature profile obtained from IR respectively. For this 
measurement, the steady flow of liquid nitrogen in the channel and constant flush of dry 
nitrogen gas at 293 K above the surface of the glass substrate were maintained as 
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described in detail in the Experimental section. The ratiometric temperature imaging was 
performed using a CCD camera by taking the ratio of the two intensity images recorded 
at 600 and 650 nm. The intensity image at each wavelength was taken using the 
bandpass filter placed in front of the CCD with the exposure time of 20 sec. A UV LED 
that illuminates the area of ~5 cm2 was used as the excitation source. 
  Despite the inhomogeneous NC coating and the uneven lighting condition by the 
LED, giving rise to a large spatial fluctuation in the absolute luminescence intensity, the 
measured temperature profile shows a very smooth variation. In Figure V-3(d), a line 
profile of the temperature at a chosen location is shown. The temperature gradient from 
77 to 260 K developed over the distance of 12 mm is clearly observed. The 
superimposed dashed line is the result of finite element method (FEM) calculation 
performed with a commercially available FEM software (Comsol MultiphysicsTM, 
COMSOL Inc.) described in the Experimental section.127 In this simulation, the effect of 
dry nitrogen flushing over the device was accounted for by adjusting the value of the 
heat transfer coefficient (h) at the glass/nitrogen interface. Using the value of h = 40 that 
corresponds to the thermal conductivity of the glass under the highly convective 
environment, a good agreement between the calculated and measured temperature 
profile is obtained. The average noise in the temperature image shown in Figure V-3(c) 
is 1 K, which is mainly due to the limitation of the imaging with a CCD camera, where 
different area is sensed by different pixels. However, the signal to noise ratio can be 
improved by averaging the multiple number of images from the CCD or employing 
scanning imaging technique combined with more sensitive detectors.  
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Figure V–4.  The time-profile of the temperature of hexane solution of the NCs in a 
cuvette under the constant and varying temperature conditions. The temperature trace is 
converted from the luminescence intensity ratio shown in Figure V-1(b). 
 In order to test the stability and resolution of the temperature sensing based on 
Mn luminescence spectral lineshape, we measured the luminescence spectrum of a 
solution sample as a function of time with a CCD spectrometer instead of imaging with a 
CCD camera. Figure V-4 shows the temperature of the solution sample in a cuvette 
measured with the integration time of 100 msec at 10 sec interval. During the first 25 
min, the temperature of the cuvette was kept constant. Subsequently, the temperature of 
the cuvette was increased by flowing warm nitrogen gas to the exterior of the cuvette. 
The heating of cuvette was stopped after 5 mins and the cuvette was allowed to return to 
the initial ambient temperature. The temperature change was detected with less than 
0.05 K of noise demonstrating the robustness and sensitivity of the temperature sensing 
method.  
 The key advantages of the temperature imaging method described here are the 
highly insensitive spectral lineshape of Mn luminescence with respect to the variation of 
the surrounding chemical environment and the wide linear dynamic range of temperature 
sensing. The temperature of chemically heterogeneous surface can be reliably imaged 
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via spin coating or spraying of the NCs. High quantum yield of Mn-doped NCs used in 
this study (>35%), which is maintained even with particle aggregation and thiol 
passivation, is another advantage over other quantum dot-based temperature sensors. A 
broad measurable temperature range (T ~300 K) extending from cryogenic to above-
ambient temperature with a linear correlation between the temperature and the measured 
signal will be particularly suitable for the temperature imaging a large thermal gradient, 
such as the device with local heating or cooling.  
 
5.3 Conclusions 
 We report the ratiometric temperature imaging based on temperature-dependent 
Mn luminescence spectrum from Mn-doped CdS/ZnS NCs that is highly insensitive to 
the surrounding environment and exhibiting near-linear temperature response in a broad 
range of temperatures (100 ̶ 380 K). The Mn luminescence from the NCs used in this 
study was made highly insensitive to the variation of the surrounding environment, such 
as the surface passivation, polarity and pH of medium, by confining Mn2+ ions below the 
shell in core/shell structure of the NC. The temperature sensitivity of the spectrum was 
enhanced by utilizing the local lattice strain created by the core/shell lattice mismatch 
that results in the stronger bandwidth broadening and peak shift with the temperature 
increase. Taking advantage of the weak environmental sensitivity of Mn luminescence 
spectrum and large temperature sensing range, we demonstrate the ratiometric 
temperature imaging of a cryo-cooling device. The surface temperature profile of the 
device ranging from 77 to 260 K was readily imaged with a CCD camera from the 
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luminescence of the NCs spin-coated on the surface of the substrate. The method shown 
here will be particularly useful for the temperature imaging of the surfaces exhibiting a 
wide range of temperature variation and exposed to the chemically inhomogeneous 
environment.     
 
5.4. Experimental Section 
5.4.1 Synthesis of Mn-Doped CdZ/ZnS Core/Shell Nanocrystals with Controlled Radial 
Doping Location 
Mn-doped CdS/ZnS core/shell nanocrystals (NCs) with controlled radial doping 
location and doping concentration were synthesized employing SILAR (Successive Ionic 
Layer Adsorption and Reaction) method previously reported.21,50,117 The key control in 
the synthesis of Mn-doped CdS/ZnS core/shell NCs used in this study is the radial 
doping location of Mn2+ ions within the core/shell host NCs with lattice mismatch, 
which determines both the temperature sensitivity of Mn luminescence and its  
insensitivity to the surrounding chemical environment as discussed in detail in Results 
and Discussions. CdS core (3.6 nm) was prepared by injecting 1-octadecene (ODE) 
solution of sulfur to the mixture of cadmium oxide, ODE, and oleic acid at 250 °C. ZnS 
shell was coated using SILAR method by introducing the precursors of anion and cation 
alternately. ODE solution of sulfur and toluene solution of zinc stearate were used as the 
precursor of S and Zn  respectively. The radial Mn doping location was controlled by 
introducing Mn precursor at different steps during the layer-by-layer coating of ZnS 
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shell. Oleylamine solution of Mn acetate or Mn diethyldithiocarbamate was used as the 
precursor of Mn. The details of the synthesis are provided in the Supporting Information. 
 
5.4.2 Measurement of the Temperature-Dependent Mn Luminescence Spectra 
Mn-doped CdS/ZnS NCs mixed with poly(methyl methacrylate) were spin-
coated on the sapphire substrate. The temperature was controlled in an open-cycle 
cryostat (ST-100, Janis) using liquid nitrogen as the cryogen. The NCs on sapphire 
substrate were excited by a 403 nm cw diode laser at a low power (< 1 mW at 5 mm 
beam diameter). The luminescence spectra were measured with a fiber optic-coupled 
CCD spectrometer (QE65 Pro, Ocean Optics). A 450 nm long pass filter was used to 
block the scattered excitation light. The transmittance spectra of the two bandpass filters 
used for imaging (600 and 650 nm, 10 nm bandwidth) were used to obtain the 
temperature calibration curve from the measured Mn luminescence spectra. 
 
5.4.3 Cryo-Cooling Device Fabrication 
Figure V-5(a) illustrates the construction of the cryo-cooling device that provides 
a temperature gradient from 77-260 K over ~12 mm distance. Thin film of Mn-doped 
NCs was formed on a glass substrate from the solution of the NCs dispersed in 
chloroform via spin-coating. On top of the NCs-coated glass substrate, 15 µm-thick 
poly(dimethylsiloxane) (PDMS) layer was  spin-coated  and cured.  The black PDMS 
substrate having a channel for the liquid nitrogen (3310 mm3, whl) was replicated 
from a polymer master mold fabricated using a 3D printer (ULTRA, envision TEC). 
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Before applying the uncured black PDMS to the master mold, two silicon tubes were 
connected at the inlet and outlet port of the liquid nitrogen channel. The black PDMS 
was cured in an oven at 80 ºC for 1 hour and permanently bonded to the NCs- coated 
glass substrate. The device was placed in the enclosure made of black acetal resin blocks. 
The front of the enclosure has a glass window for the illumination and imaging  
purpose.  The enclosure has the inlet and outlet port for the dry nitrogen gas used for 
flushing the interior of the enclosure.  
 
 
Figure V–5. Schematics of the cryo-cooling device, the enclosure and the temperature 
measurement setup. (a) The cryo-cooling device is in the enclosure in which dry 
nitrogen is constantly flushed.  (b) The optical setup consists of filters (F), achromatic 
doublet lenses (L), and a dichroic mirror (M). The device was illuminated with a 365 nm 
LED and imaged with a CCD detector. 
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5.4.4 Surface Temperature Imaging of the Cyro-Cooling Device  
The surface temperature profile of the cryo-cooling devices was measured with 
the setup shown in the Figure V-5(b). Liquid nitrogen flowing through the channel 
cooled the region of the glass substrate in contact with liquid nitrogen to 77 K. The dry 
nitrogen flow through the enclosure prevents frosting on the surface of the glass 
substrate and maintains the temperature gradient between 77 K and ambient temperature 
on the glass substrate. The cryo-cooling device was illuminated with a 365 nm UV LED 
and a collimating lens. 475 nm short-pass filter (F1) was placed after the LED to remove 
the red tail of the spectrum. A dichroic mirror (DMLP505R, Thorlabs) was used to 
reflect the excitation light from the LED and collect the luminescence from the device. A 
combination of an achromatic doublet lens (L2, focal length = 200 mm) and a 
microscope tube lens (L3, focal length = 200 mm) was used to image the surface of the 
device on the CCD camera (Princeton Instrument, PI-LCX) at 1X magnification. 
Temperature image was generated by taking the ratio of the two intensity images at 600 
and 650 nm and using the calibration curve shown in Figure V-1(b). Each intensity 
image at 600 and 650 nm was separately recorded with 20 sec integration time by 
placing a bandpass filter (F3) in front of the CCD. With this setup, each pixel of CCD 
images 20x20 m2 area. 
 
5.4.5 Finite Element Method Simulation 
To simulate the temperature profile at the interface of glass and PDMS of the 
cryo-cooling device, finite element method (FEM) models were implemented using 
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Comsol MultiphysicsTM. Thermal conductivity parameters of 0.18 W mK-1 and 1.38 W 
mK-1 were selected for PDMS and glass, respectively. The temperature of the liquid 
nitrogen channel inside the PDMS block was set as 77 K. Outside boundary of the glass 
substrate had the heat flux with the heat transfer coefficient of 40 W m-2K-1. A forced 
convection was assumed to account for the dry nitrogen gas flow over the device.   
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CHAPTER VI 
SUMMARY 
 
As many semiconducting materials have expanded its electrical, optical, and 
magnetic properties with doping, doped quantum dots (QDs) have also attracted 
attention for introducing additional optical, electrical, magneto-optical properties. In the 
recent past two decades, tremendous efforts were invested to develop synthetic doping 
methods and characterize the intriguing properties in the doped QDs. Especially, recent 
development in synthetic routes for the Mn-doped CdS/ZnS QDs as a model system was 
attracted significant attention for their fascinating optical properties. Among those 
optical properties, the most interesting feature is mainly attributed to the energy transfer 
between the exciton and dopant, which depends on the energetics of exciton (donor) and 
dopant (acceptor) in the nanocrystals. In addition, development of the structural 
modification of the Mn-doped CdS/ZnS QDs such as controlling the radial doping 
location in the nanocrystals can induce photostability and highly efficient dopant 
luminescence (QY ≈ 80%), which arises from the fast energy transfer and localized 
nature of the ligand-field transition. Furthermore, the tunable temperature dependence of 
the Mn luminescence spectrum in Mn-doped CdS/ZnS QDs can make it possible for the 
doped nanocrystals to be utilized in the application field such as thermal sensing due to 
their significant temperature-dependent dopant luminescence via the optical tuning. For 
these reasons, considered as an important class of luminescent new nanomaterials, Mn-
doped CdS/ZnS QDs was studied to show more efficient plasmonic luminescence 
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enhancement than typical luminophores and demonstrate application of the temperature-
dependent Mn luminescence to a nanothermometer.  
 In the first project, the sensitized Mn luminescence, which arises from the fast 
exciton-dopant energy transfer occurring on a few ps time scale, exhibits a stronger 
plasmon-enhancement of luminescence than the exciton due to a suppression of MNP-
induced quenching of the luminescence. The rapid energy transfer that separates the 
absorber (exciton) and emitter (Mn) in time can partially separate the plasmon-
enhancement of the excitation from the MNP-induced quenching processes, both of 
which results from the presence of the plasmonic MNPs. When combined with the 
reduced spectral overlap between the sensitized Mn luminescence and MNP plasmon, as 
compared to the exciton luminescence, the Mn luminescence in Mn-doped QDs 
exhibited a stronger net plasmon enhancement than the exciton at the optimum 
separation between the MNP and QD layers. This study demonstrates that materials 
exhibiting fast sensitized luminescence that is sufficiently red-shifted from that of the 
sensitizer can be superior to usual luminophores in harvesting plasmon enhancement of 
luminescence by suppressing quenching. 
 In the second project, the sensitized Mn luminescence, which is highly 
insensitive to the surrounding chemical environments, was shown to demonstrate the 
ratiometric temperature imaging based on temperature-dependent Mn luminescence 
spectrum from Mn-doped CdS/ZnS QDs exhibiting near-linear temperature response in a 
broad range of temperatures (100 ̶ 380 K). The Mn luminescence from the QDs used in 
this study was made highly insensitive to the variation of the surrounding chemical 
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environment, such as the surface passivation, polarity and pH of medium, by confining 
Mn2+ ions below the shell in core/shell structure of the QDs. The temperature sensitivity 
of the spectrum was enhanced by utilizing the local lattice strain created by the 
core/shell lattice mismatch that results in the stronger bandwidth broadening and peak 
shift with the temperature increase. Taking advantage of the weak environmental 
sensitivity of Mn luminescence spectrum and large temperature sensing range, the 
ratiometric temperature imaging of a cryo-cooling device was demonstrated. The surface 
temperature profile of the device ranging from 77 to 260 K was readily imaged with a 
CCD camera from the luminescence of the NCs spin-coated on the surface of the 
substrate. The method shown here will be particularly useful for the temperature imaging 
of the surfaces exhibiting a wide range of temperature variation and exposed to the 
chemically inhomogeneous environment.     
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